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Discovery of Energy Performance
Patterns for Residential Buildings
Through Machine Learning

Araham Jesus Martinez Lagunas, Mohammad Askarihosni,
Negin Alimohammadi, Azadeh Dezyanian, and Mazdak Nik-Bakht

1 Introduction

According to the 2019s Global Power City Index (GPCI), New York City (NYC) is
ranked as the secondmajor powerful city in terms of global attractiveness, with a total
GPCI of 1543.2. This index evaluates six major aspects, from which environment’ is
one of NYC’s lowest functions ranked as the 27th in terms of commitment to climate
action, CO2 Emissions, and renewable energy rate [7]. In 2011, the NYC Council
updated thePlaNYCdocument titled “AGreener,GreaterNewYork”,which specifies
the goal of reducing GHGE by 80% by 2050 [14]. To accomplish this, sustainability
and efficiency of buildings have become major factors, since nearly 75% of NYC’s
GHGE comes from the energy used in buildings, with a major contribution of resi-
dential buildings [10]. Residential and commercial buildings collectively account for
40% of the U.S. total energy consumption, with an expected increase rate of around
5% by 2040 [21], and for 27% of the U.S. total delivered consumption from 2018 to
2050 [22].

The prediction and analysis of the building sector’s energy consumption play
a significant role in future decision making with regards to ameliorating not only
the supply–demand management but also the design of different buildings aimed
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2 A. J. Martinez Lagunas et al.

to reduce energy utilization [2]. Factors such as facility type, physical character-
istics, geographical location, climate conditions, energy-consumption behavior of
end-users, and type of installed equipment are useful to identify and study the
energy use and GHGE of buildings [18]. Prediction models forecasting building
energy demand and consumptions have been proposed by different researchers in
previous studies at both building and national scales [17]. However, there is still a
need for evidence-based and data-driven studies, which can identify and evaluate
energy performance patterns of residential buildings from a multivariate view. This
paper aims to identify, analyze, and predict energy consumption and GHGE inten-
sity patterns for NYC’s residential buildings based on the wide variation of building
characteristics and historical energy data. Accordingly, the three main objectives of
the study include (i) finding correlations and similarities among site EUI and GHGE
intensity on the one hand, and weather condition, building characteristics, and loca-
tion attributes on the other hand; (ii) identifying themain energy performance patterns
by comparing most significant affinities between energy performance of residential
buildings and contextual attributes, over time; and (iii) predicting quantitively the
GHGE Intensity, site EUI, and energy efficiency grades for residential buildings in
NYC.

2 Previous Studies

The development of modern urbanization increases energy consumption, especially
in the building sector, where CO2 and other GHG emissions are raising the average
temperature of Earth’s climate system at a fast pace. The global energy demand
is expected to increase by 30% by 2040. In parallel with this demand increase, a
50% reduction of GHGE through the adoption of more energy efficiency solutions
is expected, to pursue the goal of limiting the global temperature to 2 °C degrees
by 2040 [1]. Considering that on the one hand, roughly 40% of the global primary
energy is consumed by buildings [15], and on the other hand, the GHG Emissions
are positively correlated to the volume of energy consumption [19], the criticality of
monitoring and reducing the energy consumption for building sector would be better
highlighted.

Meng et al. [11] studied the correlation levels between multiple weather variables
and the energy use for non-residential buildings based on change-point multivariable
quantile regression models. Their effort resulted in finding significant associations
between the type of the building, temperature, and energy consumption trends [11].
Haung and Hwang [5] studied the impact caused by the interface between outdoor
climate and the indoor environment of buildings over their heating and cooling capac-
ities. It was found that changes in the outdoor climate directly influence building
energy consumption [5]. Both studies provide factual correlation evidence, but they
are neither robust in finding building energy performance patterns, nor inclusive
enough to be fully applicable for residential buildings because they do not consider
other relevant aspects such as building characteristics or building location.
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Hsu [4] analyzed 4000 multifamily buildings in NYC with the aim of predicting
building energy consumption patterns by applying two modeling methods: first,
cluster-wise regression (AKA latent class regression) and second, cluster validation
methods (two-stage algorithms that use K-means and model-based clustering with
regression). These models were validated through 20-fold cross performance evalu-
ation, and Jaccard’s Coefficient was used for measuring the stability of resulted clus-
ters. As a result of comparing both clustering methods, it was found that cluster-wise
regression has a higher prediction accuracy of 94%, but with unstable defined clus-
ters, while K-means clustering method gives more stable clusters but very inaccurate
predictions [4]. On the other hand, Kaskhedikar et al. [9] used EUI benchmarks from
the Commercial Building Energy Consumption Survey database to predict future
energy consumption through standard Linear Regression based on building-related
features such as the area, building type, year built, and installed equipment. Random
Forest algorithm was also implemented in the study to identify the most significant
parameters influencing building energy consumptions for office and school building
types [9].

Howard et al. [3] built a model to estimate energy end-use intensities (kwh/m2)
for residential buildings in New York City. Collected data included: electricity and
fuel consumption, end-use ratios, ZIP Codes and total building floor area for each tax
lot by building function extracted from the PLUTO database. They used multilinear
regression technique to predict electricity and fuel consumption. For electricity and
fuel consumption, 86% and 77% of the fitted building ZIP codes were predicted
within ±20% of the measured consumption, respectively. These results provide the
ability to estimate the dynamic energy consumption by end-use of each local tax lot
in New York City [3]. The use of GIS for spatial identification of building energy
consumptions can be a valuable tool for planning and tracking energy efficiency
programs. However, collected end-uses ratios correspond to the total energy amount
from all buildingswithin theMid-Atlantic zone rather than to the one per building [3].
JeffreyKuo et al., In another relevant study, JeffreyKuo et al. [8] appliedLogisticTree
Model technique to study the energy consumption performance of convenience stores
in Taiwan, where key factors influencing building energy consumption per cluster
were identified using the clustering regression technique [8]. Table 1 summarizes
previous studies reviewed from the literature.

3 Methodology

The hybrid methodology proposed for this study is illustrated in Fig. 1. The study
begins with preprocessing of the raw data, where anomaly detection is applied, and
outliers are filtered out. Then through association rule mining, a broad insight into
building’s energybehavior is gained from the unlabelled records. Themost significant
rules from affinity analysis indicate what attributes should be further analyzed in the
next steps for classification and regression. Decision tree and k nearest neighbors
(K-NN) classification algorithms are implemented for categorizing energy behavior
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Table 1 Summary of previous studies in the literature

Article Machine learning
technique

Result’s summary
description

Model accuracy (%)

Howard et al. [3] Multilinear Regression Annual bldg. energy
consumptions by end-use
and by bldg. function are
predicted for residential
buildings in NYC, and
spatial distributions for
those consumptions are
shown

86

Hsu [4] Regression Clustering:
20-fold cross-validation

Cluster-wise regression
provides an accurate
prediction, but unstable
clusters. While K-means
gives more stable clusters,
but poor predictions in
some clusters

94

Kuo et al. [8] Classification (Decision
Tree)
Regression Clustering

Combination of 2 bin
equal interval data subset
and Logistic Model Tree
(LMT), EUI presents the
highest performance

87

Im et al. [6] Multilinear regression
tenfold cross-validation

Equipment power density
resulted to be the most
important variable
contributing to the
electricity consumption

84

per building through three main target variables, i.e.., building energy efficiency
grade (based on energy star score); GHGE Intensity; and weather normalized (WN)
site EUI. In parallel, support vector regression (SVR) and multilinear regression
(MLR) algorithms are applied to quantitatively predict building energy performance
for the aforehand mentioned variables, and to identify the most influential predictor
attributes among building characteristics such as year built, gross floor area (GFA),
location, and energy-related historical data. Ultimately, an example of GIS spatial
validation for a specific residential building is illustrated to confirm predicted model
results against actual building energy performance behavior.

4 Case Study

Raw datasets used for this study were obtained from the NYCOpen Data web-portal.
The “Energy andWater Data Disclosure for Local Law 84” datasets, published by the
Mayor’s Office of Sustainability, include metrics on energy consumption in privately
owned buildings [13]. Themost recent and robust datasets were collected andmerged
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Fig. 1 High-level methodology flowchart

in a single raw dataset to cover a four-years period of data (i.e., 2016–2019) with
85.5 k datapoints and 60 attributes. After feature selection, anomaly detection and
outlier removal, the data frame size reduced to 30.3 k building data-points and 23
attributes. The selected attributes include gross floor area; year built; WN site EUI,
direct GHGE, indirect GHGE, WN site electricity, WN natural gas use, WN source
EUI, latitude, longitude, among others.

The applied supervised and unsupervised processes were modeled and run using
RapidMiner Studio software version 9.9 [16]. Three of the major reasons of selecting
this tool are the user-friendly interface, the availability of functional modeling
operator’s library, and the broad visuals that it provides for multivariate modeling.
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4.1 Association Analysis

The association rule mining method is applied in the present study to identify rela-
tionships among different metrics of energy consumption, GHGE, and building char-
acteristics. In this analysis, the weather normalized attributes consider the yearly
weather variation for NYC. Data inconsistencies were discarded using anomaly
detection process, and missing values were filtered out. All numerical attributes were
discretized based on their quartile statistics to ensure homogeneity of the dataset, (see
example details in Table 2). These attributes were then turned into binominal data
type to apply FP-Growth algorithm.

Most frequent rules were obtained from the affinity analysis. However, only those
rules with minimum support and minimum confidence values greater or equal to
the threshold of 20% were kept. The lift measure was also considered to define
how interesting the rules are. Finally, the rules containing high WN site EUI, high
GHGE, high source EUI, and low efficiency grade of C as their conclusions were
mainly analyzed considering that the worst possible building energy performance is
bounded by this type of rules. The identification of these associations is valuable to
discover the main influencing attributes (premises) contributing to the poor building
energy behavior. Table 3 illustrates relevant discovered association rules.

Table 2 Example of
statistical quartile-based
discretization

Variable Item discretization Range

Energy efficiency grade A 80–100

B 28–79

C 0–27

Year built ≥95 years old 1925

94–58 years old 1926–1962

≤57 years old 1963–2020

GHGE intensity
(CO2e/ft2 tons)

Low 0–4.3

Medium 4.4–6.76

High 6.77–90

WN
Site EUI (kBtu/ft2)

Low 0–69.7

Medium 69.8–86.4

High 86.5–1550

WN
Source EUI (kBtu/ft2)

Low 0–104.1

Medium 104.1–125.9

High 125.9–2055
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Table 3 Example of significant discovered associations

Premises Conclusion Support Conf Lift

Indirect GHGE (CO2e
tons) = High; WN site
electricity (kWh) =
Low; WN source
(kBtu/ ft2) = High

WN Site EUI (kBtu/ft2) = High 0.2 0.5 2.0

WN site electricity
(kWh) = low; Year
built = 94–58 years
old

Indirect GHGE (CO2e tons) = High; Borough =
Bronx

0.2 0.3 1.2

Indirect GHGE (CO2e
tons) = High; WN site
electricity (kWh) =
Low; GFA (ft2) =
Short

Energy Star Score = C 0.3 0.3 1.2

WN site natural gas
use (therms) =
Medium

Indirect GHGE (CO2e tons) = High; GFA =
Short

0.2 0.6 1.2

GHG intensity (CO2e
tons/ft2) = Medium;
Year built =
94–58 years old

WN Source EUI (kBtu/ft2) = High 0.2 0.7 1.5

4.2 Classification

To train our predictive models, residential buildings were categorized based on
a combination of predictor attributes including energy star score, energy-related
features, and building characteristics by applying Decision Trees (DT), and KNN
classification algorithms. For this study, the discovery of building energy perfor-
mance patterns is depicted in terms of three main target classification variables WN
site energy use intensity (EUI), GHGE, and efficiency grade. Both algorithms are
then compared in terms of model performance measures: accuracy, R2, and error.

4.2.1 Decision Trees (DT)

DT was applied training three different models to predict building energy perfor-
mance patterns in terms of the main target variables: WN Site EUI; GHGE Intensity,
and Efficiency Grade. Information gain ratio was used as the measure for split crite-
rion. Pre-pruning through controlling the maximum depth of trees was applied to
avoid model overfitting. DT analysis is a predictive algorithm that maps observations
about a certain item to conclusions about its target variables. A DT is composed of a
root node (top of the tree), internal nodes where binary split decisions happen if the
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Fig. 2 Decision Tree for GHGE intensity prediction

information gained ratio is greater than the min threshold, and of leaf nodes repre-
senting the final classification for the targeted variable or stop nodes in the case of
any of the following conditions is met: (1) All records of the dataset share the same
target class value; (2) There are no more predictor variables to continue splitting,
and (3) There are no more examples left within the predictor variable [23]. Figure 2
shows the obtained DTwith a maximum depth of five for predicting GHGE Intensity
as Low, Medium, or High for residential buildings in NYC.

After fine-tuning, theWNSite EUI andWNGHGE Intensitymodels resulted in an
accuracy of 81% and 93%, respectively, while the accuracy for the energy efficiency
grademodel reached 78.1%.Table 4 shows the results fromDTclassificationmethod.
The resulted percentages of corrected predictions and the performancemetrics shown
in Table 4 were obtained by applying the “Performance” operator to the developed
classification models in RapidMiner version 9.9.

Weather and Non-Weather attributes for Site EUI, Source EUI, Natural Gas, and
Site Electricity were tested in the developed models. From this, it was found that
weather normalized values slightly improved prediction accuracies by 4%, mainly

Table 4 Model performance results

Target
attribute

Method Accuracy
%

Root Mean
Squared Error
(RMSE)

R2 Kappa
factor

Top 3
influential
predictor
attributes

GHGE
Intensity

DT
Cross
validation
(200 folds)

92.4 0.26 ± 0.033 0.85 ± 0.039 0.89 1. WN Site
EUI
2. WN
Source EUI
3. Gross
Floor Area

WN
Site EUI

DT
Cross
Validation
(200 folds)

81.03 0.396 ± 0.029 0.75 ±
0.050

0.77 1. WN
Source EUI
2. Gross
Floor Area
3.
Lat-Long
Location
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Table 5 Model performance results by cross validation

Model/Target
variable

Optimal k Accuracy
(%)

Classification
Error (%)

RMSE Squared
error

R2 Kappa
factor

Energy
efficiency

3 76.90 23.10 0.426 0.182 0.567 0.534

WN Site EUI 9 91.83 8.17 0.243 0.059 0.884 0.850

GHGE
Intensity

3 88.32 11.68 0.303 0.092 0.775 0.836

because these values consider the yearly weather variation. Some examples of signif-
icant rules inducted from the DT for WN Site EUI, GHGE Intensity, and energy
efficiency grade, are:

If GHG Intensity (CO2e/ft2 tons) > 3.923 and GHG Intensity (CO2e/ft2 tons) >
5.800 and WN source EUI (kBtu/ft2) ≤ 1526.800 and GHG Intensity (CO2e/ft2

tons) > 7.874 and WN site electricity (kWh) ≤ 8318154.399 then High EUI
If WN Site EUI (kBtu/ft2) ≤ 74.850 and WN Source EUI (kBtu/ft2) > 137.550

and WN Site EUI (kBtu/ft2) > 53.550 and GFA > 24625.500 and Latitude > 1.334
and Latitude ≤ 1.434 then High GHGE

IfWNSource EUI (kBtu/ft2) > 103.450 andWNSource EUI (kBtu/ft2) > 146.450
and WN Site Electricity (kWh) > 6887.550 and GFA ≤ 7181.500 and Borough =
Manhattan then Low Efficiency Grade (C)

4.2.2 kNN Classification

Another classification tool used in this study and compared versus theDT is kNearest
Neighbors (kNN). To find the optimal K, three different models were created, one
for each independent target variable, i.e., WN Site EUI, GHGE Intensity and Energy
Star Score. They were tested with different values of k, from 1 to 9, this to find out
the optimal k for each model avoiding overfitting. The optimal K for each model and
their results after performing tenfold cross-validation are presented in Table 5.

4.2.3 Results Comparison

As a result of comparing the rules extracted from affinity analysis and the rules
obtained from decision tree classification, the following interesting relationships
were found: (i) Buildings with high GHGE as their rule’s conclusion are frequently
associated with both their year of built particularly in the range of 58–95 years, and
with the building’s borough of Bronx (ii) Buildings with low efficiency grade of
C as their rule’s conclusion present frequent association patterns with high indirect
GHGE, GFA, and building’s boroughs of Brooklin and Manhattan (iii) Buildings
with high WN site EUI are recurrently associated with the WN site natural gas use
and to their high levels of GHG emissions.
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Table 6 Classification
result’s summary

Target
variable

Performance
measures

DT (Cross
validation)

KNN

Energy star
score

Accuracy (%) 78.09 76.90

RMSE 0.428 0.426

R2 0.598 0.567

WN site EUI Accuracy (%) 81.03 91.83

RMSE 0.34 0.243

R2 0.75 0.884

WN GHG
intensity

Accuracy (%) 92.4 88.32

RMSE 0.278 0.303

R2 0.86 0.775

The third range of year-built attribute (≤57 years old) resulted in remarkably
high range electricity use in the borough of Manhattan. This could be owed to the
emerging construction methods after world war II period, for instance, the use of
insulation in building envelopes, considerably reduces the body mass of buildings
leading to an increasing loss of thermal energy with higher GHGE and higher energy
demand. Table 6 shows a comparison summary of the results obtained from DT and
KNN classification techniques.

4.3 Regression

The objective of regression modeling in this study was to predict GHGE, WN Site
EUI, and energy efficiency grade. Two types of regression methods, multilinear
regression and support vector regression were applied to discover the best fitting
function for the dataset of this study. In addition, for MLR, “none” and “greedy”
feature selectionmethods; and for SVR, “dot,” and “radial” kernel type functionwere
tested. Subsequently, for evaluating the performance of developed models, different
methods such as split data, split validation, and cross validation with 10-folds were
examined. The base dataset described in Sect. 4, and the dataset from cluster 0 in
Sect. 4.3 were used for regression analysis. The analysis results indicated that the
trainedmodels based on the base dataset were more robust than those based in cluster
0. Therefore, regression results from cluster 0 are excluded. In parallel, the predictor
attributes with the highest level of significance are identified. MLR provides a better
fit and more accurate prediction models for GHGE and EUI than SVR. As a result,
the SVR results are also excluded from this study. Table 7 summarizes MLR results.
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Table 7 Summary of MLR
performance results

Target attribute R2 Attributes with high
level of significance

GHGE intensity 0.955 ± 0.013
(0.956)

– WN Site EUI
– WN Site Natural
Gas Intensity

– WN Source EUI

WN site EUI 0.993 ± 0.001
(0.993)

– WN Source EUI
– WN Site Electricity
Intensity

– Indirect GHGE

Energy efficiency
grade

0.605 – Largest Property
Use Type

– WN Site EUI
– Year Built

5 Result’s Validation and Discussion

The outcome from affinity analysis allows for the identification of most relevant
associations between energy-related attributes and building physical characteris-
tics, while classification and regression techniques enable the discovery of building
energy performance patterns. The results from applying DT classification algorithm
in previous studies reported an accuracy of 87% for EUI (see Table 1), and for this
study resulted in an accuracy of 85.6% for WN Site EUI and 93% for GHGE. This
variation in the results is assumed to be attributable mainly to the selection of the
city for the study (e.g., Taiwan vs New York), target variables (e.g., GHGE), and
predictor attributes (e.g., building gross floor area). Furthermore, the results from
applying regression analysis in this study included the identification of the most
influential attributes for predicting building energy behavior, which resulted in the
following: year built, fuel type, gross floor area, and location. These attributes were
identified by their highest level of significance according to the relevance measures
of 4 Stars, P value = 0, and highest t-stat.

GIS spatial validation of trained models through georeferenced maps allows
tracking of energy behavior patterns over time for any particular residential building
based on its building identification number (BIN) attribute [12]. Table 8 shows an

Table 8 Sample of GIS verification of energy performance patterns for a residential building

BIN year built [12] Measured results by
GIS [12]

Predicted classification
results

Predicted MLR results

BIN: 1010899
Year Built: 1964

GHGE = 10.57(High) GHGE = High GHGE = 11.17 (High)

Efficiency Grade = 1
(C)

Efficiency Grade = C Efficiency Grade = 0
(C)

Site EUI = 260 (High) WN Site EUI = High WN Site EUI =
184.7(High)
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Fig. 3 WN site EUI; red class = high EUI

example of GIS spatial validation of the trained models for a specific residential
building in NYC regarding its energy behavior patterns.

According to the GIS spatial analysis of the trainedmodels, the highest proportion
of residential buildings with low energy efficiency grades belongs to Manhattan and
Bronx boroughs. The number of buildings in the class of High EUI (>86.4 kBtu/ft2) is
higher than those in low and medium classes for the five boroughs of NYC (Fig. 3).
Moreover, the heat map shown in Fig. 4 shows a high volume of direct GHGE
released to the atmosphere majorly by Bronx and Manhattan. Lastly, in Bronx, there
is a greater number of buildings within the high GHGE Intensity class than those
in other classes. In general, 52% of the buildings are classified as Medium GHGE
Intensity considering the five boroughs of NYC (Fig. 5).

Another interesting observation by looking into the results is that the average
GHGE Intensity ofwholeNYC’s residential buildings has not decreased in four years
emitting a minimum constant of 4.85 metric tons/ft2. Therefore, if NYC keeps the
same consumption patterns for the upcoming years, then the city will not achieve its
goal of reducing 80% of GHG emissions by 2050 unless energy efficiency programs
get implemented including the incorporation of green energies and the improvement
of its energy distribution system management.

The implicit knowledge of energy consumption characteristics obtained by the
referred analysis can be used to (i) provide building owners with accurately predicted
energy consumption performance to optimize architectural space, business equip-
ment and operations management; (ii) set thresholds of various key design factors for
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Fig. 4 Heat map of direct GHG emissionsd

Fig. 5 GHGE intensity by borough low = green; medium = blue; high = orange

city planners; (iii) validate future related prediction models; and (iv). Serve as deci-
sion support tool for governments particularly for energy and environment depart-
ments to plan and develop carbon emission reduction policies, which can result in
energy savings.
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6 Conclusions

This paper presents a machine learning approach towards identifying and predicting
energy consumption patterns for residential buildings inNYCbased on thewide vari-
ation of building characteristics, location, and energy-related historical data. These
patterns are composed of three main target variables: WN site EUI, GHGE inten-
sity, and energy efficiency grade. The results from association analysis revealed
existing relationships among building location, year built and the three referred target
variables. On the other hand, classification and regression methods focused on the
prediction of energy behavior and pattern discovery for GHGE and WN site EUI.
However, due to the lack of more robust information per building such as occu-
pancy behavior, climate change over the years, and type of construction materials,
the possibility of reaching higher accuracies for the energy efficiency grade trained
models was prevented. It is worth mentioning that for future studies, the inclusion of
other building energy-related attributes into the analyzed dataset could significantly
improve the performance of the trained models increasing the chances to achieve
better predictions for the upcoming thirty years to comply with the goals pursued by
NYC and with the commitments made in the Paris agreement [20].
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A Faceted Classification System
for Innovation in the Construction
Industry

Claire Delarue, Érik A. Poirier, and Daniel Forgues

1 Introduction

Innovation in construction has always been an important issue.While other industries
such as aerospace and automotive, have massively invested in innovation to improve
their performance, the very nature of the construction sector has made it more diffi-
cult to innovate [3]. Accustomed to more traditional methods, construction industry
stakeholders have a significant role to play in transforming and modernizing the
industry through innovation anddeploying technology to perform in the face of labour
shortages, international competition and declining productivity [6]. Supporting these
stakeholders in the innovation process is critical to ensure its success.

The classification of technology and innovation in the construction industry can
help stakeholders navigate the process and inform decision making and action in
this area. Successfully developed and deployed, the classification effort should allow
industry stakeholders to gain a better understanding of these innovations, help them
identify the scope of their impact and improve their competitive advantages through
a more thorough understanding of the different elements involved in the innovation
process [22]. The classification of innovation can also help guide industry stake-
holders towards the resources needed to implement new technologies, products and
processes in their business strategy [14]. That being said, the classification of inno-
vation in the construction industry still requires attention as past efforts have not
addressed the full breadth and depth of this particular topic [15].

This paper presents the results of a broader research project aimed at investigating
the impact of technological innovation on productivity in the construction industry.
The purpose of the research presented in this paper was to develop a classification
of innovation in construction based on the literature. It was subsequently tested

C. Delarue · É. A. Poirier (B) · D. Forgues
École de Technologie Supérieure, Montreal, Canada
e-mail: erik.poirier@etsmtl.ca

© Canadian Society for Civil Engineering 2023
S. Walbridge et al. (eds.), Proceedings of the Canadian Society of Civil Engineering
Annual Conference 2021, Lecture Notes in Civil Engineering 247,
https://doi.org/10.1007/978-981-19-0968-9_2

17

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0968-9_2&domain=pdf
mailto:erik.poirier@etsmtl.ca
https://doi.org/10.1007/978-981-19-0968-9_2


18 C. Delarue et al.

through a survey sent through two construction associations inQuebec. The proposed
classification presents five facets of innovation in construction. Its utility lies in
the fact that it supports five complimentary perspectives on a particular innovation,
potentially allowing the categorization of innovation and its outcomes.

2 Innovation Classifications

2.1 Characteristics of Classifications in Construction

The notion of classification exists in most scientific fields. Its primary purpose is to
summarize and organize knowledge on a subject in a structured manner [1]. Classi-
fication brings clarity to the chosen domain by establishing the characteristics and
structure with which objects are to be organized [9]. In the literature, the classifica-
tion of technologies in construction has existed for several decades. Research teams
refer to one or more ways of grouping technologies, but most focus on only one
dimension in their work.

As far as terminology is concerned, the following definitions are considered, as
illustrated in Fig. 1:

– The level is a rank in the classification in its hierarchical system. Level 0 corre-
sponds to the root of the classification and the last level contains what needs to be
classified. According to the hierarchical system of the classification, a level can
contain one ormore categories, as well as the elements specific to these categories.

– A category is a dimension used to classify. It can also be named attribute. It is a
subdivision criterion corresponding to a characteristic of what is to be classified.

– A category is composed of several elements or classes. According to the hierarchy
of the classification, one can speak of sub-elements or sub-classes for the elements
of the categories of the following levels.

– The entities to be classified, here innovations, are called objects in the classifi-
cation. They have points in common with the elements and sub-elements with
which they are affiliated.

Category or criteria 

Element 1

Object A

Object B

Element 2 Object C

Fig. 1 Terminology of a category in a classification
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In construction, classifications generally have only one category in the scientific
literature, but several criteria are used in a single classification when it has practical
use in industry. For instance, widely used classification systems in the North Amer-
ican construction industry are OmniClass, MasterFormat and UniFormat (both the
latter existing under a certain form within the former). Many others exist all over the
world and all of them have different purposes, structures, and properties, so they are
often compared in the literature for adapted use [1, 11]. Among the most widespread
structures in multidimensional classifications, hierarchical and faceted systems stand
out. The first one imposes a subjective vertical hierarchy between criteria whereas the
second considers a horizontal hierarchy between them, called facets. It is possible to
mix these two structures as a mixed system, as it combines several types of hierarchy
into one system. OmniClass and UniClass classifications are an example of this, as
they are faceted classifications that have some similarities in their structure with the
hierarchical classification [11]. Generally, these three types of classification systems
are applied in the construction sector. When several criteria are considered in the
creation of a classification, it is important to consider how to organize the selected
category or categories as subdivision criteria.

By comparing hierarchical and faceted systems through Fig. 2, several limitations
can be highlighted by the way that objects are included in these systems. In this
figure, the characteristics of the triangular object are part of the elements present
in the criteria defined in the two classification systems. It integrates easily in both
models, but it remains however easier to find in the faceted classification, because the

Fig. 2 Principles for categorizing hierarchical and faceted classifications
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object integrates several times. The star, on the other hand, is an object whose a part
of the characteristics is found in the criteria elements of the classifications, because
the star shape is missing in the elements. The structure of the hierarchical system
does not allow to classify this object, however legitimate, because of the organization
of its criteria and the absence of exceptions. The occurrence of an element that has
not been foreseen in a classification criterion hinders its classification. The faceted
system, on the other hand, makes it possible to integrate a single object into several
categories, even if a characteristic of the object is not present in the elements or
criteria. This allows the second object to be integrated into the system and thus
makes the classification more complete and accurate. Moreover, a faceted system is
more suitable for adding new classes (extensibility) without changing the existing
structure (stability), two crucial aspects in designing an effective classification [11].

In the case of innovation, the objects to be classified will continue to evolve over
time, thus extending the choice of elements for each criterion,whichmakes it relevant
in this case. This system, originally used in library and information science, allows
a concise approach that can cover different points of view in a single structure [23]
and has expanded into other areas over the years.

2.2 Classifying Technologies and Innovations
in the Construction Industry

The dimensions for classifying innovations are multiple and various, especially in
construction. Table 1 describes the various facets identified in the literature on inno-
vations and technologies in the construction industry, most of which involve the
development of frameworks, models and classifications on this topic. Some of the
terms used by the authors are different, but in fact correspond to similar dimensions

Table 1 Facets of classification found in the literature review

Facet Authors

Impact/Benefit Lim and Ofori [14], Noktehdan et al. [17]

Location Blanco et al. [2]

Application/Service/Business function Blanco et al. [2], Nasir [16], Jung et al. [13]

Discipline/Construction category Tatum [22], Ferguson [8]

Project phase/Asset life cycle Jung and Gibson [12], Ferguson [8], Noktehdan et al.
[18]

Degree of disruption Slaughter [21], Noktehdan et al. [17]

Form of innovation Goodrum et al. [10], Tatum [22], Reichstein [20],
Noktehdan et al. [17]

Type of innovation Dodgson et al. [7], Ozorhon et al. [19]

Input-process-output (IPO) perspective Crossan and Apaydin [4], Goodrum et al. [10], Tatum
[22], Ozorhon et al. [19]
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when a closer look is taken at the elements that make them up. As a result, these
categories complement each other and can then be grouped together to obtain a more
accurate dimension.

The facet concerning impact brings together the different effects that innovations
can have on firms and projects. Lim and Ofori [14] identify, for example, the reduc-
tion in project costs for the entrepreneur, the competitive advantage or the client’s
voluntary financing of the innovation whereas Noktehdan et al. [17] put forward
performance indicators. The location of innovation can be physical or symbolic,
especially for digital technologies. Business functions relate to the internal activities
of companies during a project such as project and resource management, planning
or estimating. Discipline corresponds to the different branches of the stakeholders
intervening on the project. This facet is also found in classifications commonly used
in construction such as Uniclass or Omniclass. The project phase or asset lifecycle
includes the different stages of a construction project. The degree of disruption caused
by the implementation of innovation, according to Slaughter [21], corresponds to the
way in which the innovation will theoretically impact its environment, ranging from
incremental innovation (small change) to radical innovation (large change). The form
of the innovation deals with the physical or abstract form it may take. Some authors
have also classified by type of innovation. However, this facet is more specific to the
studies that use it and the authors find it very difficult to complement each other, as
the points of view are so divergent. Finally, innovations can be classified as either an
input, a process, or an output (IPO). Innovation is usually considered as an input or
an output [19], but can also be identified as a process [4].

Among all these facets, some are specific to the theoretical aspect of the inno-
vation, such as the degree of disruption, or to its practical aspect, such as the phase
of the project, the discipline or the impact. In the context of this study, emphasis
is put on more practical facets as they are more useful for construction industry
stakeholders. In addition, it is important that all facets be clear and understandable,
as the lack of clarity could potentially lead to misclassification. For example, type
of innovation, as a facet, has not garnered consensus among researchers. It is use
as a facet can therefore cause confusion and undermine the classification effort. Of
the multiple studies reviewed, there remains a lack of facetted classification which
supports a practical view of innovation in construction.

3 Methodology

The classification effort discussed in this paper is part of a broader study aimed at
understanding the impact of innovation on productivity in the construction industry.
Portions of the study are explained in Delarue [5]. For the purpose of the overarching
study, the research team had to develop a classification that could support a more
structured investigation and analysis of innovation in the construction industry. As
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previously mentioned, a thorough review of the literature and state-of-the-art high-
lighted an absence of such a classification. It was therefore determined that a facetted
classification be developed for the purpose of the study.

To develop the classification, the research team first identified the different types
and facets of innovation that have been developed in the literature (ref. Table 1). In
developing the classification, a consensus rapidly formed around choosing a facetted
approach instead of a hierarchical one, for the reasons discussed above. Indeed, one
of the main concerns with the classification being developed was around flexibility
and adaptability as it contended with a rapidly evolving field. The choice of facet was
therefore based on scientific and industrial literature. Characteristics and industrial
aspects of innovation are considered. Elements of each facet were then developed.

To evaluate, expand and validate the classification and its practicality, a survey
was conducted over a three-month period in late 2020. Each respondent of the survey
was asked to list up to tree innovations that had been implemented in their firm
within the past five years. The classification was used to identify and categorize these
innovations, therefore providing ample data and opportunity to develop and test its
components. The 161 compiled responses to the survey, which targeted general and
specialized contractors in Quebec’s construction sector, resulted in a total of 100
innovations. The categorization is done for each facet chosen in the development of
the classification.

4 Results

4.1 Development of the Classification

Among the various dimensions identified in the literature, some complement each
other, and others are less relevant to this project. It should also be considered that
the number of final facets must be balanced to be of both practical and academic
relevance. With this in mind, 5 facets of technological innovation were identified
and developed in the study. These are illustrated with their constituent elements in
Fig. 3:

– The life cycle of the asset makes it possible to classify innovations and technolo-
gies according to the stage of the life cycle of the built asset. Some technologies are
only used at specific stages of the project. For instance, on-site technologies such
as drones, laser scanners or robots will be more often present in the construction
phase. The planning period will have more information technologies because it
is an early stage in the project. Finally, it is also possible to find certain technolo-
gies and innovations that cover the entire lifecycle of an asset such as building
information modeling (BIM) and artificial intelligence, as they are integrated into
many practices or innovations.

– The discipline lists the different sectors in which the innovation can be applied.
Some innovations have been designed for particular disciplines while others can
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Fig. 3 Faceted classification of innovation

be used by all stakeholders involved in a project or over an asset’s lifecycle. This is
particularly the case for specialized equipment which can be suitable for a specific
trade. Furthermore, by listing by discipline, it is possible to draw inspiration from
technologies specific to certain trades in order to adapt them to other trades to
obtain similar benefits such as safety, quality and productivity, in the same way
as construction innovations inspired by other sectors of activity.

– The form concerns the physical or symbolic dimension of the innovation. This
facet makes it possible to identify the format that the technology used in a project
can take. It can bematerial, such as portable technologies andmachines, or imma-
terial, such as software or innovative processes. In this category, innovations are
also considered to be components of other technologies or tools. This may be a
part that improves an existing piece of equipment, but it may also be the driver of
software created for a specific computer use.

– The business function classifies innovations according to the general activities
of the company. The elements included in this facet are internal activities that
have an impact on the firm or on projects. They generally concern the concepts
used in project management, with activities related to costs, time or quality. The
technologies in this category generally help firms to improve internal or project
related aspects.
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– The location refers to the physical or symbolic location from innovation to use.
This dimension includes the main locations of the technology. It can be physically
present on the project site, such as equipment, materials or portable technolo-
gies, or on the fabrication plants as innovative process of fabrication or specific
machines. It can also have a symbolic location, whether it is in company offices,
with digital and management technologies, or in a digital cloud via servers for
digital collaboration and sharing tools.

Following the principle of faceted classification, not every innovation is neces-
sarily present in all facets, but it can also correspond to several elements of the same
dimension. The absence of one facet may be justified by the fact that it could be
integrated into all the elements that compose it, or that the innovation does not apply
to a particular facet. Innovations that can be integrated several times into one facet
can have versatile uses and be presented in different applications.

4.2 Practical Assessment of the Classification

Asmentioned, the proposed classificationwas validated through the survey responses
obtained in the context of the broader study on innovation and productivity. In order
to validate the classification, survey respondents were asked about three technologies
used in their projects and then classified them. Naturally, as the survey was mainly
directed towards general and specialized contractors, the lifecycle facet concerned
construction. In all, the research team was able to list 59 different technologies, the
most commonly cited of which were BIM, laser or 3D scanning, GPS, 3D modeling
and collaborative applications. Figure 4 illustrate the frequency of innovation per
facet identified in the survey.

The figures above were developed from the innovations identified and classified
by the research team. Table 2 lists these innovations and their categorization with
four of the five facets. The asset life cycle was not represented because the surveywas
mainly focused on contractors’ technologies, who are involved in the construction
phase of projects. The term “multiple” has been used several times when several
elements of the same facet characterized the innovation, as a simplification of the
characterization. It is easy to notice that it was mostly used for the Discipline facet.
Indeed, as mentioned in the development of the classification, a technology can
be integrated into several elements. For example, an innovation can be multiform
and this is what Noktehdan et al. [17] have detailed some elements of this facet
in their classification. The same is true for localization with mobile technologies
and for business functions. In itself, multiple elements are as much an indication
for the characterization of innovations as the others, particularly with regard to the
discipline, which makes it possible to distinguish between general technologies and
those specific to a profession.

Formand location facets concern innovation aspects andwere assimilated easily to
the elements of the classification. In contrast, industry-specific facets such as business
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Fig. 4 Frequency of innovation per facet (n = 100)

function anddiscipline have had amore subjective and complex categorization. In this
case, elements that were not in the initial classification had to be added to improve the
classification of the list of innovations. Some classification management functions
were used, but other concepts, such as accounting, client or operations management,
were missing. Among the elements added for business functions, some are closely
related to the project phase such as the planning, design,manufacturing and execution
phases, without generatingmanymultiple elements. As far as discipline is concerned,
it is more the trades that have been added to the initial elements.

5 Discussion and Conclusion

The aim of this research was to allow construction actors to have a better under-
standing of innovations through the development of a classification. Indeed, this
paper presented a faceted classification composed of five dimensions which corre-
spond to innovation features or industrial aspects of the construction sector: location
of the innovation, its form, business function of companies, the discipline of appli-
cability and the phase of the project in its asset life cycle. Classified innovations
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Table 2 Categorization of the innovations from the survey

Innovation Form Location Business
function

Discipline

360° and 3D camera
ground survey

Equipment On site Surveying Multiple

3D and laser scan Multiple On site Surveying Multiple

3D Modeling Service Digital collaboration Design Multiple

3D Plans Service Multiple Design Multiple

Accounting software Service Office Accounting Multiple

Advanced networking
technology

Service Digital collaboration Collaboration Multiple

Advanced or integrated
estimating software

Service Office Estimation Multiple

Ammonia injection
system for industrial
chimneys

Component Factory Production Fabricant

Asphalt plants
automation

Multiple Factory Production Civil

Bidding Process
Automation

Service Office Estimation Multiple

BIM Multiple Digital collaboration Information
management

Multiple

Calibration and
measurement tools for
production plants

Service Factory Production Fabricant

Cloud computing Service Digital collaboration Document
management

Multiple

Cloud-based
management software
with project tracking

Service Digital collaboration Operations
management

Multiple

Collaborative project
management software

Service Digital collaboration Project
management

Multiple

Computerization of
Work Planning

Process Office Resource
management

Multiple

Computerized survey
tools

Service Multiple Estimation Multiple

Construction site
monitoring software

Service Multiple Project
management

Contractors

CRM Service Office Clients
management

Multiple

Daily report on
touchpad

Service Multiple Project
management

Contractors

Design software Service Office Design Multiple

(continued)
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Table 2 (continued)

Innovation Form Location Business
function

Discipline

Digital design Service Digital collaboration Design Multiple

Digital timesheets Service On site Resource
management

Multiple

Document management
software

Service Office Document
management

Multiple

Drone Product On site Surveying Multiple

Equipment and
material tracking tool

Service Multiple Equipment
management

Contractors

Equipment for
monolithic manholes
and grommets

Equipment On site Production Civil

Equipment
maintenance

Process Multiple Equipment
management

Contractors

ERP Service Office Resource
management

Multiple

Factory-Integrated
Culvert Fish Passes

Component Factory Production Civil

GPS Multiple On site Equipment
management

Multiple

Grader with joystick
and 4 wheels steering

Product On site Execution Civil

Heat recovery Process Factory Production Fabricant

High-performance
filters to meet
NESHAP standards

Component Factory Execution Fabricant

Implementation of a
new accounting system

Process Office Accounting Multiple

Integration of job site
tasks into a single data
collection

Process Office Resource
management

Multiple

Lean construction Process Multiple Production
management

Multiple

Machine guidance for
excavator or ram

Component On site Execution Civil

Management of tools
and connected tools

Product On site Equipment
management

Contractors

Mobile pointing
application

Service Multiple Resource
management

Contractors

Modularization
workshop

Product Factory Production Contractors

(continued)
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Table 2 (continued)

Innovation Form Location Business
function

Discipline

More efficient
computer system

Multiple Office Multiple Multiple

OCR Service Office Document
management

Multiple

Off-site manufacturing Process Factory Production Contractors

Operations and
Management Software

Service Digital collaboration Operations
management

Multiple

Pavements with electric
system instead of
propane

Product On site Execution Civil

Performance tracking
tools

Service Multiple Project
management

Multiple

Precast concrete Material Factory Production Structure

Preconstruction Process Factory Planning Contractors

Preconstruction in
Design collaboration

Process Digital collaboration Design Contractors

Prefabrication Process Factory Production Contractors

Project monitoring
software

Service Multiple Project
management

Multiple

Quantity calculation
software

Service Multiple Estimation Multiple

Robot Product Multiple Execution Contractors

Shared or participatory
platform

Service Digital collaboration Collaboration Multiple

Takeoff software Service Office Estimation Multiple

Touchpad Product Multiple Information
management

Multiple

Valorization of rejects
in manufacturing
processes

Process Factory Production Fabricant

Web transition with
ERP

Process Office Multiple Multiple

could be integrated in each classification and correspond to several elements of a
same dimension. In a practical assessment, the categorization according to business
functions and disciplines shown that these facets needed to be deepened in order
to be properly associated with actual construction technologies. The structure of the
model allows an easy extensibility and reorganization of the elements keeping a great
stability.

The model developed has made possible to undertake an unusual way of classi-
fying innovations, particularly in construction. The facets and their elements have



A Faceted Classification System for Innovation … 29

been developed, considering the use of classification by stakeholders, which is little
applied in the models in the current literature. Moreover, most of the classifications
on this theme are too old to be used as it is in the current technological context.

Among the limitations of this research, the notion of multiple elements can be
cited. Although necessary in the categorization, it has to be detailed by the actual
elements of the classification and by those add in a future work by consolidation
of the current work. By the same occasion, a differentiation could also be done for
the innovations which apply to all or none of the elements of a facet, a point that
was not considered in the assessment of the study. Future research could apply the
present model to a practical use, using facets and elements as filters in the research
of stakeholders in the implementation of innovations in the construction projects.
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Construction Innovation in the Province
of Quebec: Barriers, Drivers, Enablers
and Impact

Claire Delarue, Érik A. Poirier, and Daniel Forgues

1 Introduction

The construction industry is a sector with significant economic weight at the global,
national and provincial levels. In fact, relative capital expenditures represented 46.3
billion Canadian dollars in 2017, which corresponds to 12% of Quebec’s GDP [6].
However, productivity studies agree that construction productivity rates have signifi-
cant differences with those of other sectors [12, 19]. For instance, manufacturing
or aerospace industries have indeed seen their growth and productivity increase
considerably in recent decades, thanks to the investments in research and devel-
opment (R&D) and the implementation of innovations used for the modernization
of production lines and the digitization of their sector.

In comparison with other economic sectors, construction has traditionally been
viewed as not innovative [11]. While some blame the lack of business experience
and investment [16] or the lack of clear benefits from technologies [14], Barbosa and
al., for the Mckinsey Institute (2017), state that the biggest barriers to the adoption
of innovations in construction companies are underinvestment in technologies, espe-
cially IT, in addition to the lack of R&D processes. In fact, construction sector is one
of the less digitalized and new investments models for technologies are required to
enhance project performance [15]. In the construction industry, only 25% of compa-
nies have defined a strategy around digital and only 9% declare to be ready for digiti-
zation [4]. Moreover, investment in research corresponds to less than 1% of revenues
for most companies, compared to 3.5–4.5% for the automotive and aerospace sectors
[1]. This fact can be explained by lowermargins in the construction sector on projects
compared to other industries.
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The province of Quebec’s construction industry faces many of the same issues as
its Canadian counterparts: the lack of manpower, the globalization of the sector and
sustainability concerns [3]. In this light, most agree that innovation across the project
lifecycle and supply chain are critical in increasing the industry’s productivity and
performance [7]. There remains however, a significant gap betweenunderstanding the
potential of innovation from a macro level and understanding the drivers and barriers
of innovation in the field. Moreover, innovation is a broad topic which manifests
itself in many ways. It is therefore relevant to understand its impacts and dynamics
in an effort to take the appropriate measures to drive its adoption in the construction
industry.

The study presented in this paper aimed to answer the following question: What
are the dynamics of innovation in the Quebec construction industry? What impacts
do they have, particularly on construction site productivity? The main objective
of the study was to identify the characteristics of innovation in construction, the
factors impacting its implementation and ways to improve its implementation in
Quebec. Moreover, the perceived impact of innovation, specifically on productivity
was measured. The study presented in this paper is part of a larger research project
investigating the impact of technological innovation on productivity and construction
performance. For this paper, the context and the dynamics of innovation in theQuebec
construction industry are identified. The key drivers and barriers to innovation and
its impact are then investigated. Findings reflect the well documented barriers to
innovation, but also highlight the lack of support that other sectors benefit from in
terms of subsidies and accompaniment. For the companies that have implemented
innovation, a majority have reaped considerable benefits in terms of, among others,
productivity increase.However, questions still abound on how to capture andmeasure
this impact.

2 Review of Construction Innovation

2.1 Features of Innovation

Thenotion of innovation can be interpreted in differentways according to the sector in
which it is deployed. The construction industry has well known characteristics, such
as temporary projects involving several multidisciplinary stakeholders and finished
products that have longer lifespan than most other sectors. Due to these characteris-
tics, it would be logical to state that the features of innovation are different from other
sectors. However, as with other sectors, technological transformation and innovation
remain crucial in construction. Ottinger et al. [13] admit that “Technology is a domi-
nant theme as it continues to reshape conventional property uses, while transforming
the back office and construction supply chain” (p.7).

In current scientific literature, there exists to no universal definition of innovation.
In fact, innovation remains a complex and multifaceted concept. Some consensus
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exists around the fact that innovation can be described as a process, a product or
a service, among others [8, 14]. Among these different characterizations, Ozorhon
and al. [14] consider technological innovation to be new or a considerable improve-
ment of existing technology. They linked it to improved business practices, work-
place restructuring, and reconfiguring of external relationships. On the other hand,
Kogabayev andMaziliauskas [8] describe technical innovation as “the knowledge of
components, linkages between components, methods, processes and techniques that
go into a product or service” (p. 64). Finally, Xue et al. [20] recognize three levels
that reflect innovation in construction, namely, sector, project and company. Innova-
tion in construction cannot be viewed solely as technologies for manufacturing as
the industry has both a manufacturing and a service aspect.

Building on these different perspectives, and for the purpose of the research
project, technological innovation is defined as any new (recent) or significantly
improved product, service or process as compared to existing technology, that creates
opportunities to improve factors such as production, speed of execution, sustain-
ability, safety, etc. on construction sites. Moreover, technological innovation can
be implemented on the construction site, remotely in the company’s facilities or
elsewhere.

2.2 Dynamics of Construction Innovation

The literature considers three categories of elements that influence the integration of
innovation into a project: drivers, barriers or enablers. They act positively or nega-
tively on organizations, companies and construction projects. The work of Ozorhon
and al [14] identifies and evaluates the impact of drivers, barriers or enablers in the
implementation of construction innovations, according to the results of a survey of
construction actors in Turkey. Despite the lack of details on the proportion of respon-
dents and the focus on the Turkish industry, their research on these factors allows
us to better understand how innovation is implemented and what are the potential
stakes.

Drivers of innovation correspond to the elements that would motivate companies
or individuals to implement innovation on a project. There is a growing body of
knowledge about the role of innovation drivers by considering the client [11], the
contractor [10] or the supplier in association with market demand [16] as direct
causes. Overall, the literature regularly discusses the role of the client as a driver, but
no consensus has emerged from these discussions in recent years due to the lack of
concrete studies on the subject. Table 1 summarizes several key drivers of innovation
in construction found in the literature.

Obstacles or barriers to innovation are the issues and risks that stakeholders may
encounterwhen implementing an innovation, andwhichmay influence their decision-
making. Several barriers are listed in Table 2. Barriers to innovation directly concern
the core business, construction projects and market influence. Chowdhury et al.
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Table 1 Drivers of innovation in construction sector

Drivers Details Authors

Environment and
Sustainability

Use of sustainable construction
techniques, reduction of
environmental impacts and
construction of sustainable
buildings

Ozorhon et al. [14]

Design trends Technical capabilities, market
demands, opportunities

Ozorhon et al. [14]
Reichtein et al. [16]

Project Performance
Improvement

More success in terms of time,
cost, quality and customer
satisfaction

Ozorhon et al. [14]
Chowdhury et al. [5]
Lim and Ofori [10]

Technological
developments

Use of ICTs and technological
improvements

Ozorhon et al. [14]

Client requirements Demands for higher standards in
terms of time, cost, quality or
performance

Ozorhon et al. [14]
Loosemore and Richard [11]

Competition level Demands for higher standards in
terms of time, cost, quality or
performance

Ozorhon et al. [14]
Chowdhury et al. [5]
Lim and Ofori [10]

Regulations and
legislations

Improved performance standards Ozorhon et al. [14]

Corporate Responsibility Internal process and CSR strategy
for better innovation performance
and increase customer
satisfaction and corporate image

Ozorhon et al. [14]
Lim and Ofori [10]

[5] identify categories of barriers to innovation on technological, organizational,
financial, psychological, governmental and procedural levels.

Finally, facilitators are elements that help overcome the challenges and obstacles
that can arise when implementing innovations in construction projects, as detailed
in Table 3. Collaboration in projects and guidance on innovation are the facilitators
most often mentioned in the literature. However, the study by Ozorhon et al. [14]
conclude that training policy and reward programs have a significant impact. Lead-
ership remains a key enabler also. One key takeaway from this exercise is that there
is no consensus on which facilitators has the greatest impact.

3 Methodology

The aim of this research was to understand the dynamics of innovation in the Quebec
construction industry, with a focus on its impact on construction productivity. To do
so, a survey was designed and distributed to construction actors across the province
to take stock of the state of innovation in construction in Quebec. Data collection
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Table 2 Barriers of innovation in construction sector

Barriers Details Authors

Lack of financial resources Insufficient or unavailable
resources for innovation

Ozorhon et al. [14]
Kulatunga et al. [9]
Chowdhury et al. [5]
Reichtein et al. [16]

Temporary nature of projects Participation of several teams on
the short term or at different
times. Difficult collaboration

Ozorhon et al. [14]
Xue et al. [20]

Lack of experience and
qualified staff

Absence of innovation director,
technology managers, R&D
sector managers, innovation
training. Failure to take
technology into account in
recruitment

Ozorhon et al. [14]
Tatum [18]
Barbosa et al. [2]
Reichtein et al. [16]

Lack of clear benefits or late
return on investment

Lack of clear or quick benefits Ozorhon et al. [14]

Unsupportive organizational
culture

Reluctance to change, strategies
not conducive to innovation,
little management in the
evolution of technologies

Ozorhon et al. [14]
Kulatunga et al. [9]
Tatum [18]
Barbosa et al. [2]

Time constraints In introducing new ideas and
testing new technologies

Ozorhon et al. [14]
Salter and Gann [17]

Contractual and legal aspects Choice of companies with the
lowest bidder, contractual
constraints. Standards and
regulations

Kulatunga et al. [9]
Tatum [18]
Reichtein et al. [16]

Lack of clients’ requirements Client unsure, unprepared or
distrustful of innovation

Loosemore and Richard [11]

Poor digitalization in
construction sector

Low investment in digital.
Neglecting the potential of
computer science in construction

Barbosa et al. [2]

Fear of innovation risk Risks of counter-productive
innovations, undervalued costs,
poorly integrated processes,
poorly evaluated benefits

Barbosa et al. [2]
Loosemore and Richard [11]

took place between September 2020 to February 2021. A total of 280 responses
were collected of which 161 were compiled. The response time varied between 5
and 15 min.

The target audience for the survey was general and specialized contractors. The
respondents were questioned on the drivers, facilitators and barriers to innovation in
their companies and on their projects. They were also asked about their perceptions
on the level of support for innovation that is available in Quebec. Finally, they were
asked to list specific innovations and technologies and discuss their impacts on project
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Table 3 Enablers of innovation in construction sector

Enablers Details Authors

Cooperation between project
actors

Cooperative environment,
coordination and integration of
companies

Ozorhon et al. [14]
Kulatunga et al. [9]
Loosemore and Richard [11]

Early contractors’
involvement

Especially in the design phases Ozorhon et al. [14]
Loosemore and Richard [11]

Innovation Award Program Recognition of efforts and
personnel, promotion of
innovation, employee
involvement. Competitions to
promote R&D

Ozorhon et al. [14]
Barbosa et al. [2]

Stakeholder engagement Alignment of motivations and
interests. Partnerships with
suppliers

Ozorhon et al. [14]
Barbosa and al., 2017

Knowledge management Retention and dissemination of
ideas, resources and skills
within the company and with
stakeholders

Ozorhon et al. [14]
Kulatunga et al. [9]

Leadership Formation of team spirit,
vision and goals

Ozorhon et al. [14]
Xue et al. [20]
Loosemore and Richard [11]

Training policy Staff training on innovation
and its use, internship and field
learning

Ozorhon et al. [14]

and organizational outcomes. As such, the survey was structured in 4 main steps,
namely:

– General information about the company and the respondent allowed the research
team to identify the respondents profiles in relation to innovation in construction.

– Questions on internal processes for the implementation and adoption of techno-
logical innovations. Among them were questions around respondents’ opinion
on their interest in innovation and on the external support they receive for their
technological implementation. In addition, respondents answered questions about
their use and management of innovations.

– Data on the technologies implemented in companies and on their projects. This
included the objectives driving implementation, the adoption rate and the fulfil-
ment of the respondents’ expectations. In this section, the respondent had the
opportunity to report up to three technologies/innovations implemented in their
company.

– Impacts of the technologies implemented on projects and companies. Each listed
technology/innovation was then discussed by the respondent in terms of specific
indicators such as productivity the return on investment.
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Respondents that declared not to use technologies in their projects, they will be
able to justify the reasons for not using them andwill then be directed towards the end
of the survey. The complete questionnaire consisted in 53 questions. The survey was
published from respective websites of the two construction associations in Quebec,
their newsletters, and their social media accounts.

4 Data Analysis

4.1 Profile of Respondents

The sample was composed at 79% of contractors, of which general 52%were general
contractors, 27%were specialized contractors and 12%were suppliers. The rest of the
respondents were composed of architecture and engineering firm and manufacturers.

The majority of responding companies had more than 50 employees, with 28% of
respondents having between 101 and 500 employees. As far as revenue, a majority
made more than 5 million dollars, with 29% declaring revenues between 5 and 25
million dollars and 22% between 50 and 250 million.

All construction sectors were represented, with the majority focused in the
civil, industrial, commercial, and institutional sectors. Finally, 46% of respondents
declared working everywhere in the province, whereas 40% were focused within a
specific area, mainlyMontérégie (10,5%),Montreal (10,1%), National capital region
(9,2%), Estrie (9,2%) and Laval (7,1%). 15% of respondents declared conducting
business outside of the province.

4.2 Innovation in the Quebec Construction Industry

Based on the definition provided above, 77% of respondents indicated a strong or
very strong interest in innovation and the use of new technologies in their projects.
By cross-referencing this data with the profile of respondents, the types of companies
which were the most interested in innovation are suppliers (84% total for a strong
(16%) or very strong (68%) interest), general contractors (84% total for a strong
(38%) or very strong (46%) interest) and manufacturers (72% total for a strong
(29%) or very strong (43%) interest). The rest of the panel, especially specialized
contractors, seemed more hesitant about innovations and the implementation of new
technologies. Companies with revenues higher than 50 million dollars were those
which showed the most interest in innovation. On the other hand, companies which
made less than 1 million were the least likely to innovate. This confirms a certain
tendency for large corporations to be more interested in innovation. In the same
manner, the results showa similar trend according to the size of the companies. In fact,
companies with more than 100 employees showed a greater interest in innovation.
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Delving deeper into the innovation process, 68% of respondents declared having
already used one or more innovations on their projects. Of these respondents having
implemented innovation, 55% indicated having at least one person responsible for
innovation and its implementation within their organization. Moreover, the larger
companies (more than 100 employees) have implemented one or more techno-
logical innovations in a strong majority. Indeed, 87% these larger companies had
implemented one or more innovations against 56% of companies with less than 100
employees.With regards to revenue, companies earning more than 25million dollars
implement innovations in a higher proportion (82%) than those with lower revenues
(54%). When considering the rate of implementation of technological innovations
by sector, no one sector stands out as being “more innovative” than another. It can be
explained by the fact that the same company may operate in several sectors, which
may explain the small gap between the different sectors. According to the company
type, the innovation rate is lowest among specialized contractors, while a strong
majority of general contractors (68%) have implemented one or more innovations
within their company or project. Finally, the 3 regions of the Greater Montreal area
(Laval, Montérégie, and Montreal) were seen to have the highest response rate and
show a high rate of implementation of innovation.

Moving on to the dynamics of innovation in construction in Quebec, respondents
were asked to indicate their agreement with the following two statements on a scale
from 1 to 5:

– Statement 01: External and government assistance is sufficient to allow construc-
tion companies to develop technologies in their projects.

– Statement 02: The company knows where to turn for help or advice in
implementing the technology.

For the first statement, 56% of the panel showed a moderate or strong disagree-
ment, considering that external or government assistance is insufficient to support the
implementation of technologies or innovation in their projects. Likewise, regarding
the second statement, 44%of respondents expressedmoderate or strongdisagreement
with the statement whereas 27% had a neutral opinion. Delving a bit deeper into this
statement, companies with more than 50 employees seem to know where to turn for
support in their innovation and technology implementation process. However, no link
was found for these companies between the second statement and the appointment
of a person responsible for innovation.

4.3 Factors Influencing the Implementation of Innovation
in Companies

The survey drew on the literature review to identify the most important factors
in the implementation of innovation. For firms that did not implement innovation
(32% of the total sample), the survey sought to identify the factors influencing this
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Table 4 Barriers to innovation according to the survey (N = 52)

Barriers Percent (%) Barriers Percent (%)

Lack of experience and
qualified staff

16 Unsuitable internal structure of
the firm

6

Time constraints 14 The company does not know how
to do it

6

Lack of clear benefits for the
firm

12 Adverse regulatory environment 6

Unfavourable contractual
context

11 Insufficient technological
maturity

5

Lack of demand from
customers

10 Risks too high 1

The company feels that it does
not need it

9 Other 1

Lack of financial resources 6

choice. Table 4 ranks the factors most frequently mentioned by these companies.
Thus, the lack of experience in this field (16%), time constraints (14%), the absence
of clear benefits (12%) and an unfavorable contractual context to the implementa-
tion of innovations (11%) were among the most important factors. The factor “The
company doesn’t know how to do it” is related to the factor “Lack of experience”,
which reinforces the need for innovation support. Interestingly, the lack of financial
resources and the regulatory context are not determining factors, even if they are to
be considered in the innovation process. Another element to note is the influence
of the contractual context, which is recognized as an obstacle to innovation in the
construction industry.

For the respondents having implemented innovation (68% of the total sample),
the authors tried to understand the enablers of their innovation process. Table 5
summarizes the highlights participation in training and conferences (16%), the use of
consultants (13%), the integration of innovation into the company’s business strategy
(11%), the reinvestment of part of the profits in innovation (11%) and the recruitment
of competent employees (10%).

As investment in innovation has already proven to have a positive impact in other
sectors, this study has tried to identify how the Quebec construction industry fares
in this regard. Thus, most respondents invest less than 0.5% of their annual revenue
(66%)while 10%of respondents report reinvestingmore than 3.0%of their revenue in
innovation. By considering the type of company, it was possible to see that a majority
of general and specialized contractors invested less than 0.5% of their revenues in
innovations. On the other hand, a majority of suppliers and manufacturers invest
more than 1% of their revenues in innovation. In addition, a majority of companies
generating between C$50–250 million in revenue reinvest between 0.2 and 0.5% in
innovation. Those generating between $5 and 25 million annually invest between
0.5 and 1.0% of their revenues. The biggest share of companies that invest more
than 3%were companies generating more than $250 million in revenues. Finally, the
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Table 5 Enablers of innovation according to the survey (N = 109)

Enablers Percent (%) Enablers Percent (%)

Participation in training courses
on innovation

16 No support implemented 4

Consulting 13 Partnerships with colleges or
universities

3

Innovation integrated into the
business strategy

11 Reward for innovation in the
company

3

Reinvestment of part of the
profits in innovation

11 Evaluation of the company’s
implemented innovations

3

Recruitment of employees with
skills related to innovation

10 Innovation division/subsidiary 2

Innovation Committee 8 Formalized innovation
process (Kaizen)

2

Business plan on innovation 4 Innovation manager
appointed on projects

2

Research and development pole
(R&D)

4 Other 1

Appointment of an innovation
manager

4

majority of companies counting between 101 and 500 employees, which represent
almost a third of the sample, reinvest between 0.2 and 0.5% of their annual revenues
in innovation. The highest proportions of very large corporations (more than 500
employees) invest in the 0.2–0.5% range and more than 3%.

Finally, the survey reveals the drivers of technological innovation for the respon-
dents. As shown in Table 6, innovation was implemented mostly at the initiative of
management (23%), due to the desire to improve performance on projects (19%) and

Table 6 Drivers of
innovation (N = 109)

Drivers Percent (%) Drivers Percent (%)

Management’s
decision

23 Need for
technical
elaboration

5

Willingness for
Improvement

19 Design trends 3

Competitiveness 16 Environment and
Sustainability

3

Innovation
strategy

12 Laws and
Regulations

2

Proven
technology

10 New
partnerships

1

Customer’s
request

5
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to increase the company’s competitiveness on the market (16%). What motivated
upper management to implement innovation requires more investigation. Surpris-
ingly, the influence of the client as a motivation for innovation is minor, whereas the
literature review gave them some importance as a driver of innovation.

4.4 Implemented Innovations and Their Impact

After having investigated the respondents’ profiles, their willingness to innovate
and the factors influencing the implementation of technological innovations in
their company or on their projects, the survey then looked into specific innova-
tions, their characterization and their impact. Each respondent was asked to identify
and comment upon up to three specific innovations. A total of 109 instances of
technological innovation were identified and analysed through the survey.

The principal expectations around the impact that the innovation, once imple-
mented, would have were around gains in time (13%), productivity (12%), costs
(11%) and quality (10%). The respondents were then asked to evaluate if these
expectations were met. In this regard, 71% of respondents indicated that the innova-
tion identified met their expectations to a high or very high level. At the same time,
58% of respondents indicated that they were satisfied with the return on investment
(ROI) linked to the specific innovation. Conversely, 25% of respondents were still
assessing the ROI on these specific innovations. Of these innovations where ROI was
still being assessed, 81% had been implemented less than 2 years ago.

As productivity improvement is crucial in construction projects, and at the center
of this research project, the respondents were asked to assess the impact of the
innovations had on their productivity, on a scale from 1 to 5 (5 being the highest
degree of impact). 57% of the technologies identified are perceived as having had a
significant or major impact on productivity (4 or 5). On the other hand, 14% of the
innovations identified were perceived as having little or no impact (1 or 2).

As a means to validate the respondents’ capability to properly evaluate the impact
of innovation within their organization, the survey was designed to investigate the
means and methods used to track and measure their performance. In this regard,
productivity (26%), costs (23%) and schedule (14%) were the 3 indicators that are
most used by companies to evaluate the impact of technology implementation on
the performance of their projects. Moreover, the means of measuring the impacts
of technologies were done mostly through comparison with similar projects (29%),
through comparison with project tasks to which the technology is not applied (22%),
or through internal surveys (23%). 7% of the innovations identified were not tracked
or measured.
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5 Discussion and Conclusion

The research presented in this paper aimed to document the state of innovation
and its impact on productivity in the Quebec construction sector. Several drivers,
enablers, and barriers of innovation were identified and ranked. With regards to
drivers, contrary to the literature, the results suggests that clients do not have the
biggest influence on innovation. While inexperience in the field and time constraints
were identified as major barriers, the lack of financial means was not a predominant
one. Interestingly enough, reluctance to invest in innovation was tied to unclear bene-
fits. Enablers such as training, consulting and integration into the company’s business
strategy are themost common.Once implemented technologies have shownconsider-
ably positive results with regards to productivity improvement, project management
impacts and ROI. Generally, the results of the survey are encouraging with regards to
the strong interest for innovation, and its implementation in the Quebec construction
sector. The sample also was largely an innovative one, especially large organizations.

In terms of limitations, the size and revenue of the respondents’ companies are
not representative of the majority of construction companies in Quebec. Indeed,
according to theCommission de la construction duQuébec, 81%ofQuebec construc-
tion companies had fewer than 5 employees in 2019 and the majority of companies
operate in the residential sector [6]. The sample therefore does not reflect the reality
of the majority of the Quebec construction industry. Even so, the results do provide
an understanding of the technological situation of medium and large companies in
Quebec. Analyses tend to show a causal link between the large size (financial or
salary) of companies and the implementation of innovation. Future investigations
on this type of statistics, including correlation analyses, would be relevant to vali-
date the conclusions of this paper. Further research could be expanded to include
other disciplines and focus on other sectors to expand the findings to encompass the
broader construction industry as a whole.
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Evaluating Occupant Feedback
on Indoor Environmental Quality
in Educational Environments

Y. Abraham and M. Spaan

1 Introduction

Buildings should provide a safe and conducive environment for occupants to carry
out their day-to-day activities. Recent changes caused by the pandemic have empha-
sized the importance of buildings for human health, wellbeing, and productivity.
For instance, sustainable and high-performance buildings are designed, constructed,
and operated to perform better than conventional buildings while saving energy.
Research indicates that the potential for energy savings in commercial buildings is
between 5 and 30% [26]. Educational institutions consist of various building types
to serve the needs of diverse populations, including instructors, staff, students, and
visitors. These buildings have varying daily occupancy and utilization levels which
also change throughout the year.

Considering the indoor environmental quality (IEQ), studies have indicated that
occupant activities and behavior can impact building energy consumption [12, 26].
The role of occupants in buildings has been studied for a long time, but human
behavior is complex and difficult to predict. There are potential energy savings
associated with accounting for occupant-related factors in building operations and
several opportunities exist to improve building energy efficiency through occupant
engagement. Occupant feedback surveys allow for occupant engagement; they can
be administered at any point in the building operation to assess the building operation
and the modifications that should be made to improve the building conditions. Post
occupancy evaluations (POEs) are surveys used to evaluate buildings after being
occupied for some time [18]. These evaluations serve multiple purposes, but they
are mainly used to determine occupant satisfaction with various parameters related
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to IEQ, such as temperature, relative humidity, lighting levels, and air quality [18].
POEs also cover other aspects of the building’s function and performance. They
identify problems in building operations and pinpoint the factors which could other-
wise impact their productivity and health [22]. POEs can also push a building to
achieve sustainability goals [20] and is a requirement for building certification with
some green building rating systems. Conducting regular building occupant surveys
can allow the building owners, operators, or facilities management team to identify
problems early and correct them. However, there are limitations to post-occupancy
surveys. These surveys could unearth inefficiencies in building operations, leading
to higher costs, difficulties in assigning responsibility for the identified issues, and
problems with meeting the occupants’ expectations [22].

Web-based surveys and applications have been developed to collect occupant
feedback in buildings one-time or continuously. In this study, a one-time survey was
developed to capture occupant perception, satisfaction, and behavior in relation to
IEQ in faculty and staff offices within an educational institution in the US. Building
occupants are a good source of information as they provide feedback on how well
the indoor environmental conditions meet their comfort needs. This paper’s main
objectives are to present keyfindings on the occupants’ perception of IEQparameters,
their satisfaction, and behavior related to comfort in their offices. This study identifies
the critical areas of concern to occupants and provides preliminary recommendations
to improve IEQ in buildings while enhancing building operations.

2 Background

Occupant presence has been identified as one factor that impacts building energy
consumption [24]. Other key factors that impact the indoor environment include
materials, equipment and processes, heating, cooling, ventilation, and air condi-
tioning (HVAC) processes, and activity [23]. Occupants continuously interact with
buildings directly or indirectly and occupant behavior has the potential to increase
or decrease building energy consumption. Energy use is also affected by the types
of equipment present in the space, the use of the space, and other occupant-related
factors. In addition to these, some social factors also affect the occupants and how
they interact with space, such as their environmental awareness and concern about
energy costs [24].

The American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) thermal comfort standards recommend the acceptable comfort level for
building occupants and prescribes that at least 80% of building occupants should
be satisfied with the indoor environmental conditions in a space [4]. It is there-
fore critical for the indoor thermal conditions to provide satisfaction to the majority
of the occupants. Thermal comfort can be affected by air temperature, humidity,
airspeed, radiant temperature, metabolic rate, and clothing insulation [4]. In studies
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that explored how indoor air quality affects humans, the importance of user engage-
ment in managing indoor environmental conditions was emphasized [23]. In addi-
tion to ensuring acceptable thermal conditions and air quality, other parameters,
including lighting and noise levels, should also be addressed. For instance, changing
the lighting settings impacts occupant behavior, and studies indicate that some indi-
viduals perform better in environments with natural lighting [11]. Lighting energy
consumption can also be impacted by the occupants’ access to the controls. Studies
have indicated that providing lighting controls to occupants can lead to energy savings
[7, 10]. Information gathering from building occupants is necessary to assess aspects
of the building that need to be improved to ensure an acceptable level of occupant
satisfaction and prevent adverse health issues and costly utility bills. In educational
settings, apart from health, productivity is critical, and the impact of IEQ on occupant
productivity has been discussed in different studies.

The main types of occupant behavior observed in buildings include the use of
portable devices, changing the number of layers of clothing, adjusting thermostats,
and opening and closing windows and doors. Studying occupant behavior is critical
considering its impact on building energy consumption [2, 13, 16]. However, there
are several obstacles to modeling and quantifying occupant behavior to evaluate its
impact on energy consumption [13]. Strategies to reduce the impact of occupant
behavior on energy consumption, including modeling and simulation, incentives,
and behavioral interventions, have been explored. For instance, occupant-centric
HVAC control system modeling would need a lot of occupant and building-related
information, such as building envelope information, lighting and plug loads, HVAC
systemdynamics, and stochastic occupant behavior information such as presence and
activities, to more accurately predict occupant needs in buildings. Case studies that
explore occupant behavior and satisfaction through real-world scenarios contribute
to research on improving building IEQ, occupant comfort, and energy efficiency.

Over the years, a variety of tools have been developed to capture occupant-related
information in operational buildings. One of the commonly used approaches to
capture this information is through surveys. The Center for the Built Environment
(CBE) developed an extensive survey for office building occupants, which has been
widely used in different offices [25]. The PROBE survey was developed in the UK
in 1995 and is geared toward different building types like offices, educational, and
government buildings [17]. Another tool was developed by the National Research
Council (NRC) Canada to assess different aspects of office buildings, including an
online questionnaire on environmental satisfaction and health [21]. Most of these
tools included one-time surveys administered to building occupants focused on their
behavior and satisfaction with different building parameters.
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3 Methodology

3.1 Research Approach

The study involved a one-off survey of faculty and staff at an educational institution
in the US to gather feedback relating to their perception, satisfaction, and behavior
in their workspaces. The first step in this research was a review of the literature,
followed by the development of the survey, then the distribution of the survey and
data collection. Finally, the data were preprocessed and analyzed. These steps are
further described in the following sections.

3.2 Survey Questionnaire Development

The initial draft of the surveywas developed following a literature review, the author’s
observation and interaction with occupants, and other survey questionnaires [1, 3,
25]. The survey was modified after a few iterations and feedback from experts,
building operators, and peers for the content and readability of the questions. The
questionnaire was submitted for approval by the Institutional Review Board (IRB)
and pilot-tested with a small group of people to identify any problems with the flow
and setup of the questions within the survey development platform (Qualtrics). The
final version of the survey was created after several iterations and finally distributed.
The steps involved in developing the survey are visually outlined in Fig. 1.

The survey included different question types; themajority were close-ended ques-
tions. Participants had the opportunity to provide general comments at the end of the
survey in an open-ended question. They also had the ability to enter their preferred
response in a text entry box for a selection of the questions. The questions had
different rating scales, and a few questions had 7 point scales based on best prac-
tices for similar questions in the literature, while some had 5 and 6 point scales. The
survey contained 35 questions, excluding the background and demographic ques-
tions. This number includes branching questions depending on the answers provided.
For instance, when participants responded that they were “moderately dissatisfied,”
“dissatisfied,” and “very dissatisfied,” they were led to additional questions asking
about the cause of their dissatisfaction with the parameter being assessed.

The survey completion time was noted during pilot testing. The survey was esti-
mated to take about 12 min. After eliminating extreme outliers and non-responses

Initial survey 
development

Feedback 
from experts

Survey 
revision

IRB approval 
and pilot 
testing

Final survey 
distribution

Fig. 1 Survey development process
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Fig. 2 Boxplot of time taken to complete the survey

at the end of the study, 80% of the data was analyzed, and the median time taken to
complete the survey was 7.4 min. The minimum excluding outliers was 2.7 min, and
the maximum excluding the outliers was 17.0 min (Fig. 2).

3.3 Participants

The survey was distributed through the institutions’ listserve, and participants could
voluntarily participate. The response rateswere difficult to estimate since the listserve
contained most full-time, part-time, adjuncts, and some retired faculty and staff, so
not everyone was eligible to participate if they did not have an office on campus. The
survey was open for about two weeks during the winter season but had low response
rates and had to be shut down prematurely due to the COVID-19 pandemic. Most
states went into a lockdown, and people moved to remote work. The breakdown of
responses to the demographic data (gender and age) for 357 participants is shown
below (Fig. 3).

a b
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35.3

0.3 4.5

Female Male Other Prefer not to say

0.6
13.7

18.5

30.3

27.2

6.2
0.6

3.1

18 - 24 years 25 - 34 years
35 - 44 years 45 - 54 years
55 - 64 years 65 - 74 years
75 years and older Prefer not to say

N= 357 N=357

Fig. 3 Breakdown of participants demographic information, a Percentage breakdown by gender,
b Percentage breakdown by age
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The responses cover awide demographicwithin the educational institution. About
60% of the responses were from females, 35.3% from males, 4.5% did not disclose,
and 0.3% selected “other.” The most common age group in the survey was 45–
54 years, representing 30.3% of the survey respondents, 27.2%were between 55 and
64, 18.5% were between 35 and 44, and 13.7% were between 25 and 34 years.

3.4 Data Analysis

The data was preprocessed and cleaned in Microsoft Excel before exporting it to
SPSS version 26, a statistical software, for further analysis. Some responses were
eliminated because they were outside the eligibility criteria. For instance, if the
respondent did not have an office within the educational institution, they were
removed from the study. After eliminating two ineligible responses, it was observed
that four hundred and thirty-five (435) individuals had opened the survey sent out to
the listserve. The breakdown of responses by percent complete is presented in Table
1—the responses below 100% complete included individuals that did not complete
the demographic questions. Three hundred and fifty-eight (358) responses were over
98% complete. Four hundred and seven (407) participants answered at least one
question.

The results presented in this paper include occupants’ perception of temperature,
humidity, airflow, lighting, and noise; occupants’ satisfaction with thermal condi-
tions, IAQ, lighting, and noise; preferred indoor temperature, and occupant behavior.
Content validity was completed for each of the questions. As earlier mentioned,
incomplete responses to the survey questionnaire were not removed, but the vari-
ables were analyzed separately for each question. Univariate analysis was used for
most of the variables in this paper. The results section indicates the number of items
analyzed for each variable considered. The mean satisfaction rating was computed
for different parameters within SPSS, and the rankings were presented. Frequency
tables were generated in SPSS to understand the number of people that engaged in
certain behaviors to improve their comfort. Cross tabulations were computed for the
question on the frequency of occupant behavior. The missing data was dropped for
item non-response since the non-responses were low [6].

Table 1 Percent completion
rates to survey questions

Survey percent
complete (%)

Number of
participants

Percent of
participants (%)

0 28 6.4

1–25 11 2.5

26–50 9 2.1

51–75 1 0.2

76–100 386 88.7
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The internal consistency of the data on satisfaction with different parameters was
determined using Cronbach’s alpha reliability analysis. This analysis checked the
extent to which the satisfaction questions in the test measured the same concept. Out
of 435 responses, 88.5% were valid, and a Cronbach’s Alpha of 0.718 was obtained,
which is greater than 0.7 indicating an acceptable internal consistency [5].

4 Results and Discussion

4.1 Reports on Occupants’ Perception of IEQ Parameters

This study was completed in the winter season, and the occupants reported on their
perception of various IEQ parameters, including temperature, humidity, airflow,
lighting, and noise (Fig. 4). From the results, 58% felt their office was cold, cool, or
slightly cool; 58.5% felt that the air was too dry, dry, or slightly dry. About 48.6%
felt that the airflow was about right, about 50.1% felt that the lighting was neutral,
and 48% felt their office was slightly noisy, noisy, or too noisy.

Occupants also reported on their preferred indoor temperature during the winter.
ASHRAE recommends indoor temperatures between 20.3 °C (68.5 °F) and 23.9 °C
(75 °F) in the winter at 50% relative humidity for building occupants [4]. There were
405 responses to the question on preferred indoor temperature, and 87.1% of the
occupants reported their preferred indoor temperature was between 20 °C (68 °F)
and 23.9 °C (75 °F) during the winter season. In response to the question about
the importance of having control over the thermal conditions in their office, out
of 398 responses, 75.6% indicated that they felt it was moderately important, very
important, or extremely important. The most common factor contributing to thermal
discomfort was that the thermostat is inaccessible or controlled by others reported by
104 respondents. This finding indicates that people are likely to engage in different
behavior if the indoor conditions do not meet their requirements. These actions could
increase energy consumption, so it might be necessary to consider including some
end-user control in buildings [15].

4.2 Report on Occupant Satisfaction

Occupant satisfaction data were collected for thermal comfort, IAQ, lighting, and
noise (Fig. 5). The total percentage satisfied (moderately satisfied, satisfied, or very
satisfied) with thermal conditions was 51.6%, for IAQ was 58.4%, for lighting was
69.2%, and for noise was 66.6%. Based onASHRAE’s recommendations for thermal
comfort, fewer than 80% were satisfied with their offices’ thermal conditions. The
number of responses for each of these variables is presented in Table 2.
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Fig. 4 Occupants’ perception of IEQ parameters, a Indoor temperature, b humidity, c airflow, d
lighting, e noise

Occupant satisfaction with the IEQ parameters was assessed on a six-point scale
(1—very dissatisfied and 6—very satisfied). The mean satisfaction rating, standard
deviation, and ranking for each parameter are presented in Table 2. Based on the
ranking, the highest satisfaction was with the lighting, while the least satisfaction
was with the thermal conditions. The occupants were also asked about their overall
satisfaction with their personal workspace, and the mean satisfaction rating for 386



Evaluating Occupant Feedback … 53

0

5

10

15

20

25

30

35

40

Very dissatisfied Dissatisfied Moderately
dissatisfied

Moderately
satisfied

Satisfied Very satisfied

Thermal satisfaction Air quality satisfaction

Lighting satisfaction Noise level satisfaction

Fig. 5 Reports on occupant satisfaction with different IEQ parameters

Table 2 Mean satisfaction rating of IEQ parameters

IEQ parameters N Mean satisfaction Standard deviation Rank

Lighting satisfaction 396 3.96 1.27 1

Noise satisfaction 392 3.90 1.28 2

Air quality satisfaction 397 3.59 1.31 3

Thermal satisfaction 407 3.43 1.27 4

valid responses was 3.91. On average, their responses were close to the moderately
satisfied rating. Considering these satisfaction ratings, the occupants are likely to
engage in different behavior to improve their comfort indoors. Studies have shown
that dissatisfaction with thermal comfort, air quality, and noise can trigger behavior
that impacts energy consumption.

4.3 Reports on Occupant Behavior

The cross-tabulation (Table 3) shows the occupants’ feedback on their behavior
in response to different indoor environmental conditions. They were asked about
how frequently they engage in the listed behavior. There were 387 responses to the
questions on occupant behavior in response to the indoor environmental conditions.
The missing data from individual survey items are indicated in the table. The results
show that the most common behavior is opening the door to improve their comfort
(reported by 47.5% of the respondents). The survey showed that 81.4% do not have
access to an operable window. The majority of the occupants reported never using a
portable humidifier, portable dehumidifier, portable heater, or fan. However,18.7%
of the occupants frequently or always used portable heaters.
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Table 3 Occupants’ behavior in response to indoor environmental conditions

Never
(%)

Rarely (i.e.,
once every
3 months)
(%)

Occasionally
(i.e., twice
every month)
(%)

Frequently
(i.e., twice
every
week) (%)

Always
(i.e.,
every
day) (%)

N/A
(%)

Missing
(%)

Open and
close the
windows

14.0 1.3 1.6 1.6 0.3 81.4 0.0

Open and
close the
window
shading
device

10.9 15.0 14.5 10.1 9.3 40.3 0.0

Open your
office door to
improve your
comfort

9.8 6.7 10.6 10.3 47.5 14.5 0.5

Regulate the
thermostat to
make the
room warmer
or cooler

13.2 10.6 8.5 6.5 5.2 56.1 0.0

Monitor
indoor
temperature
change on a
thermostat

17.1 8.0 5.4 7.2 8.3 54.0 0.0

Use a
portable fan

33.6 11.1 14.5 14.5 9.0 16.8 0.5

Use a
portable
heater

48.3 7.8 7.0 10.9 7.8 18.3 0.0

Use a
portable
humidifier

57.9 2.8 1.8 2.3 4.4 30.7 0.0

Use a
portable
dehumidifier

65.1 1.3 0.3 0.0 0.3 33.1 0.0

Complain to
facility
managers the
building
operator

38.8 39.5 12.7 1.3 0.5 7.2 0.0
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In addition, the occupants discussed their actions to improve comfort. The most
frequently reported actions were as follows: 123 reported putting on more layers of
clothing, 77 indicated that they complained to the facility manager or maintenance
team, 72 used a portable heater, and 52 used a portable fan when they were uncom-
fortable. They engaged in adaptive (i.e., opening and closing windows, adjusting
thermostats) and non-adaptive actions (i.e., wearing additional layers of clothing)
[14].

4.4 Recommendations for Building Operation

Several benefits can be accrued from addressing occupants’ needs by providing better
IEQ, as highlighted in other studies. Some of these include improved productivity,
reduced building-related illnesses and sick building syndrome, improved wellbeing,
reduced energy consumption, improved IAQ, and reduced operations costs [8, 9, 19].
As a result of this study’s findings, the following recommendations were provided
to improve occupant comfort and satisfaction with IEQ in buildings.

• Occupant feedback surveys should be available for occupants to file their
complaints and report on their comfort as needed. Also, they can be conducted on
a seasonal or yearly basis to determine if the buildingmeets occupants’ IEQneeds.
In addition to data from the building management system, facility managers can
also diagnose problems routinely from the feedback collected. Intelligent commu-
nication systems that allow for two-way interaction between the occupant and
building automation systems can reduce complaints and provide information to
better predict occupant preferences indoors.

• Training can allow occupants better understand how the building operates. It can
also provide awareness of the impact of their behavior and actions on the building.
Refresher training can also be incorporated on an ongoing basis to remind the
building end-users of the building operation.

• Providing some level of control to building occupants after the training period
can provide additional benefits as occupants may be more mindful and indicate
their preferences for better prediction of critical IEQ parameters.

5 Conclusions

In conclusion, this study emphasizes the importance of occupant feedback surveys
during a building operations phase. The information collected through the surveys
provides insight into occupant’s perception and its impact on end-users. The main
findings highlight the need to include building occupants’ preferences in the opera-
tions phase as this could affect occupant satisfaction resulting in reduced productivity
and adverse health impacts. Strategies to improve occupant comfort should be further
explored, including considering more end-user controls. One limitation of this study
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was the inability to accurately determine the survey response rate. There were some
incomplete responses, which were not excluded from the analysis. Individual survey
items were analyzed for a high-level analysis of the data collected. Also, additional
responses could not be collected due to the lockdown and switch to remote work.
Future work will include further analysis of the data, including multivariate analysis
and correlations, to determine the relationships between different variables, such as
gender differences, age, and the number of hours spent in the office.

Acknowledgements The authors would like to thank the Rochester Institute of Technology Office
of Sponsored Research for the seed funding that supported this work. The authors would also like
to thank the study participants and individuals that provided feedback on the survey questionnaire.

References

1. Abraham Y, Zhao Z, Anumba C, Asadi S (2017) Implementation of a preference monitoring
application for office building occupants. In: Lean and computing in construction congress,
Heraklion, Greece

2. Abraham Y (2018) Integrating occupant values and preferences with building systems in
conditioned environments. Ph.D., Pennsylvania State University

3. Abraham YS, Anumba CJ, Asadi S (2017) Data sensing approaches to monitoring building
energy use and occupant behavior. In: Computing in civil engineering 2017, pp 239–247

4. ASHRAE/ANSI (2013) ASHRAE/ANSI Standard 55-2013 Thermal environmental condi-
tions for human occupancy. American Society of Heating, Refrigerating, and Air-Conditioning
Engineers, Atlanta, GA

5. Bland JM, Altman DG (1997) Statistics notes: Cronbach’s alpha. BMJ 314(7080):572
6. Brick JM, Kalton G (1996) Handling missing data in survey research. Stat Methods Med Res

5(3):215–238
7. Delgoshaei P, Heidarinejad M, Xu K, Wentz JR, Delgoshaei P, Srebric J (2017) Impacts of

building operational schedules and occupants on the lighting energy consumption patterns of
an office space

8. Fisk WJ, Black D, Brunner G (2012) Changing ventilation rates in US offices: implications for
health, work performance, energy, and associated economics. Build Environ 47:368–372

9. Fisk W, Seppanen O (2007) Providing better indoor environmental quality brings economic
benefits

10. Gilani S, O’Brien W (2018) A preliminary study of occupants’ use of manual lighting controls
in private offices: a case study. Energy Build 159:572–586

11. Heydarian A, Pantazis E, Carneiro JP, Gerber D, Becerik-Gerber B (2016) Lights, building,
action: impact of default lighting settings on occupant behaviour. J EnvironPsychol 48:212–223

12. Hong T, Lin H-W (2013) Occupant behavior: impact on energy use of private offices. Lawrence
Berkeley National Lab (LBNL), Berkeley, CA (United States)

13. Hong T, Taylor-Lange SC, D’Oca S, Yan D, Corgnati SP (2016) Advances in research and
applications of energy-related occupant behavior in buildings. Energy Build 116:694–702

14. Hong T, Yan D, D’Oca S, Chen C-F (2017) Ten questions concerning occupant behavior in
buildings: the big picture. Build Environ 114:518–530

15. Huizenga C, Abbaszadeh S, Zagreus L, Arens EA (2006) Air quality and thermal comfort in
office buildings: results of a large indoor environmental quality survey. Proc Healthy Build
2006(3):393–397

16. Kavulya G, Becerik-Gerber B (2012) Understanding the influence of occupant behavior on
energy consumption patterns in commercial buildings. In: Computing in civil engineering, pp
569–576



Evaluating Occupant Feedback … 57

17. Leaman A, Bordass B (2001) Assessing building performance in use 4: the probe occupant
surveys and their implications. Build Res Inf 29(2):129–143

18. Li P, Froese TM, Brager G (2018) Post-occupancy evaluation: state-of-the-art analysis and
state-of-the-practice review. Build Environ 133:187–202

19. MacNaughton P, Pegues J, Satish U, Santanam S, Spengler J, Allen J (2015) Economic, envi-
ronmental and health implications of enhanced ventilation in office buildings. Int J Environ
Res Public Health 12(11):14709–14722

20. Meir IA, Garb Y, Jiao D, Cicelsky A (2009) Post-occupancy evaluation: an inevitable step
toward sustainability. Adv Build Energy Res 3(1):189–219

21. Newsham G, Birt B, Arsenault C, Thompson L, Veitch J, Mancini S, Galasiu A, Gover B,
Macdonald I, BurnsG (2012)Do green buildings outperform conventional buildings. In: Indoor
environment and energy performance in North American offices

22. RileyM,KokkarinenN, PittM (2010)Assessing post occupancy evaluation in higher education
facilities. J Facilities Manage

23. Tham KW (2016) Indoor air quality and its effects on humans—a review of challenges and
developments in the last 30 years. Energy Build 130:637–650

24. Yu Z, FungBCM,Haghighat F, YoshinoH,Morofsky E (2011) A systematic procedure to study
the influence of occupant behavior on building energy consumption. Energy Build 43(6):1409–
1417

25. Zagreus L, Huizenga C, Arens E, Lehrer D (2004) Listening to the occupants: a web-based
indoor environmental quality survey. Indoor Air 14(Suppl 8):65–74. https://doi.org/10.1111/j.
1600-0668.2004.00301.x

26. Zhang Y, Bai X, Mills FP, Pezzey JCV (2018) Rethinking the role of occupant behavior in
building energy performance: a review. Energy Build 172:279–294

https://doi.org/10.1111/j.1600-0668.2004.00301.x


Teaching Construction Project Planning
and Control Using a Management Game
Approach

E. Pereira and N. Thom

1 Introduction

The complex characteristics of construction projects result from dynamic condi-
tions, uncertainties, and a fragmented industry. These unique characteristics make
it challenging to deliver projects within quality, safety, cost, and schedule goals. To
accomplish projects successfully, construction managers should have a high level of
technical and soft skills to analyze and make proper decisions on using resources
efficiently and keeping the project on track.

Academic programs are continuously under pressure to close the gap between
academic and industry skills [5]. One approach to bridging this gap is by embedding
Construction Management (CM) courses within Civil Engineering courses. This
provides graduates with the necessary critical thinking skills needed for successful
project management. Although the traditional lecture-based instructional methods
can provide studentswith enough context to develop problem-solving skills, they lack
the dynamic environment that accompanies a real-world construction project. [14],
suggested that topics in the CM domain are introduced one at a time, with students
moving to the next topic only after being evaluated on the previous. In contrast,
problem-based learning (PBL) exercises provide context and motivation for learning
while using a collaborative environment for decision-making [11]. According to
[8], PBL can assist students in developing (1) critical thinking, (2) decision-making
capability, and (3) transferable skills.
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The CMgame approach has been widely suggested as an effective tool in teaching
management and engineering skills and as part of a PBL exercise [2, 4, 15]. Through
the use of games in teaching and training engineering, it is possible to replicate
different phases of a project such as construction contracting or bidding [1, 3, 9,
10], project planning and control [6–8], and project maintenance [13]. Games allow
students to be actively involved in education and enable instructors to develop active
learning in a student-centred learning environment [12]. The benefits of game-based
learning are that students use a combination of knowledge to choose from the many
given solutions to make a decision. It helps link theory and real-world problems to
enhance the students’ understanding of the subject [10].

This manuscript describes a game-based approach to teach undergraduate civil
engineering students project planning and control. The game context is to plan
and virtually build a heavy-construction project in Nottingham—United Kingdom.
During the game, the students are exposed to concepts in a range of areas such as:
highways, reinforced concrete structures, and drainage systems, as well as situations
that help develop their communication and critical thinking skills. Ultimately, with
the game-based approach, the students are better prepared for the industry.

2 Objectives of the Game Approach

The game approach described in this paper is designed to teach first-year undergrad-
uate students about the processes, planning, and control of construction projects.
As this will be the first time students experience working with technical informa-
tion and construction projects, the game objectives are developed for the appropriate
level of student knowledge. Also, inasmuch as possible, the game replicates the
real behaviour of construction projects. There were several detailed objectives to be
considered in the design of the game:

• Construction sequencing: The game should replicate the correct sequencing of
construction tasks. All the project tasks relationships are Start-to-Start or Start-
to-Finish, and students must identify these relationships.

• Realistic: The game approach should replicate some aspects of a real construction
project. Therefore, the students’ decisions should impact project construction
progress and financial terms.

• Uncertainties: The game should account for risks that will affect the project’s
performance, while still making it possible to complete and make a profit.

• Resources: Based on the project’s technical information, students should deter-
mine the resources required for completion. Technical drawings and information
should be presented in a manner that 1st−year students can understand.
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3 Project Description and Preliminary Activities

One of the critical aspects of a game approach is to decide what type of project to use.
The project should be complex enough to provide a realistic challenge and simple
enough to be contained in a game [2]. A complex project would create difficulties for
first-year students and potentially demotivate their participation and engagement. The
game approach described herein uses a road project with a simple bridge structure
to introduce students to the basic concepts of highway construction and reinforced
concrete structures.

The fictitious project is located close to the city of Nottingham—UK. The project
involves building a 4 km highway and three reinforced concrete structures (Fig. 1):
Railway Bridge, Shelford Road Bridge, and Trent River Bridge. The structure of the
bridges is simplified for the sake of the exercise. The project also contains drainage
on both sides of the road, eight 1000 mm cross drains beneath the carriageway, and
four relief culverts to allow floodwater to flow under the road. The project is broken
down into more than 750 tasks, 33 types of material, 33 construction processes, five
types of labour, and 23 items of plant.

Before simulating the project construction, students are asked to detail a work
breakdown structure (WBS) and identify the critical tasks. Using the material
provided by the instructors, they are also required to develop a preliminary project
schedule using Microsoft Project. The project is divided into five 12-week periods
and is expected to be completed by week 60 (300 working days).

Fig. 1 Project overview
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3.1 Material Provided to the Students and Games Rules

Students are provided with the following information to develop the preliminary
schedule:

• Longitudinal Profile: It provides information on the current terrain and finished
road elevations. This information is critical to estimate the amount of cut/fill in
the project.

• Highway and Drainage System Technical Drawing: It provides a cross-sectional
overview showing the thickness of each road layer, edge slope, and road width
(Fig. 2). The file also presents culvert information (section, reinforcement and
edge slope), drainage location, and bridge pavement layers.

• BridgeDrawings: Each bridge has its own technical drawing. Each drawing shows
the foundation type, quantity of reinforcement, cross-sections, longitudinal beam
specifications, abutments, and wing walls. In addition, a BIM model of the Trent
River Bridge (Fig. 3) is provided to facilitate the understanding of the bridge
elements. Students can interact with this model and check the element properties
such as material type, area, volume, size, etc.

• Costs, Rates, and Productivities: It provides a standard rate for materials, equip-
ment and labour, and costs for materials/processes undertaken by subcontractors
(e.g., erecting the site compound). It also states limiting amounts of material and
equipment that can be ordered within a ten working day period, (examples in
Fig. 4a), and the productivity and resource requirement for each task (equipment
and labour) (examples in Fig. 4b).

The game approach contains some rules to assess each student groups’ perfor-
mance and to simplify comparisons between the groups.

Fig. 2 Highway cross section, drainage system, culverts, and bridge pavement cross section
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Fig. 3 Trent river bridge BIM

a 

b 

Fig. 4 Rates for equipment and limit for normal rates (a), productivities and resources required
for tasks (b)

For the first 12-week period, student groups are required to submit a document
defining the tasks they choose to carry out, the required equipment (number of days),
quantity of material, and site personnel. If tasks are not completed within the allotted
time, the groups need to adjust and then submit theworking plan for the next 12-week
period. This iteration continues for the entire 60 weeks.
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Each of the 750 predefined tasks has a nominal duration of twoweeks, and students
should manage the number of resources so each task can be completed. There is also
a limit on the number of pieces of equipment or quantity of material used in two
weeks (the costs increase by 50% if the normal rate limit is exceeded). The number
of resources utilized is automatically assessed by the game controller based on the
number of days required by each equipment or site personal. For example, if a
backhoe is required for 11 days in two weeks (10 working days), the system would
assign twopieces of equipment. Costs for personnel,materials, and equipment double
if not planned/ordered in advance. If a task is not completed within the assigned time
period, this delays the start of all successive tasks. For example, if task 1 was not
completed within period 1, it will be automatically put off to period 2 and delay the
start of task 2 to period 3. Payments are made for every 25% completion increments,
and there is a 2% interest charge on any bank deficit at the end of each 12-week
period.

An example to demonstrate the number of resources required to complete a task
is presented below. To complete the project fencing (7800 m) in 10 working days,
assuming a productivity rate of 400 m/day (Fig. 4b), the quantity and number of
equipment/site personnel required are presented in Table 1.

Twelve common risks that can impact the performanceof a constructionproject are
included in the gameplay (Fig. 5). These risks are presented on a card, one of which
is drawn per submission. These risks can impact equipment/labour productivity,
increase project costs, or shut down the site.

Table 1 Resources required to complete 7800 m of fencing

Category Resource type Daily requirement
to complete 400 m

Total quantity Unit Number of
equipment/site
personala

Material Fencing posts and
bar

400 7800 m –

equipment Backhoe 1 20 Days 2

Flatbed 0.5 10 Days 1

Forklift 0.1 2 Days 1

Auger 1 20 Days 2

Site personal Engineer 0.5 10 Days 1

Foreman 0.5 10 Days 1

Labourer 2 39 Days 4

aNumber automatically assessed by the game controller based on the number of days required in a
10 working days period
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Fig. 5 Examples of project risks

4 Gameplay and Control

Each group should submit an Excel file with all the tasks to be performed in a
12-week period and the required materials, equipment, and site personnel (Fig. 6).
The game controller is implemented using a Macro, which automatically accesses
the data submitted by each group. Once the information is uploaded, the game
controller checks the tasks that can be completed (respecting task-precursor rela-
tionships), calculates the project’s costs, the project completion level, and defines
the payment each group will receive. As a note, project costs are incurred based on
the resources required, cost of stockpiled material, and interest rates. Payment is
based on completing every 25% percentile of each main project task/activity (e.g.,
Earthmoving, Bridge, Drainage system, etc.)

The game controller also updates the groups’ submission files with the project
performance results. The updates contain a list of the materials, equipment, and
personnel that were under-ordered/unused and the degree to which the tasks were
completed (100% or 0). It also shows the expenditure for each 2-week period, cost of

Materials Equipment Roadworks
Unit Quan�ty No of days Topsoil Cut

Fencing posts and bars m 8000 Excavator + operator 101 Start(m) Finish(m) Strip 0-1m 1-2m 2-3m 3-4m 4-5m 5-6m
Suitable fill cu m Backhoe loader + operator 38 0 100 4 4
Capping cu m 6000 Off-road dump truck + driver 71 100 200 4 4
Sub-base cu m 1500 Dozer + operator 8 200 300 4 4
Cement bound lower base cu m 1500 Motor grader + operator 8 300 400 4 4
Asphalt upper base cu m 1500 Vibra�ng roller + driver 9 400 500 4 4
Asphalt binder course cu m 2400 Large crane + operator 500 600 4 4 4
Asphalt surface course cu m 2400 Small crane + operator 12 600 700 4 4 4 4
Porous drainage pipe 300mm m Pile driver + operator 17 700 800 4 5 5 5 5 5
Concrete drainage pipe 1000mm m Paver + crew 2 800 900 4 5 5 5 5 5 5
Pea gravel cu m Bitumen sprayer + driver 2 900 1000 4 6 6 6 6 6 6
Crash barrier + posts m Flatbed truck 35 1000 1100 5 6

Fig. 6 Element of a student submission folder
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(a)

(b)

Materials Under- stockpiled Equipment (machine days) Under- Percentage Complete
Unit ordered Unused ordered Unused Roadworks Topsoil Cut

Fencing posts and bars m 400 Excavator + operator 9.80082 Start(m) Finish(m) strip 0-1m 1-2m 2-3m 3-4m 4-5m 5-6m
Suitable fill cu m 41836.3 Backhoe loader + operator 0.995 0 100 100 100
Capping cu m 2508 Off-road dump truck + driver 9.823 100 200 100 100
Sub-base cu m 1346 Dozer + operator 1.398 200 300 100 100
Cement bound lower base cu m 1500 Motor grader + operator 1.398 300 400 100 100
Asphalt upper base cu m 1500 Vibra�ng roller + driver 1.621 400 500 100 100
Asphalt binder course cu m 2340 Large crane + operator 500 600 100 100 100
Asphalt surface course cu m 2370.4 Small crane + operator 9.21 600 700 100 100 100 100
Porous drainage pipe 300mm m Pile driver + operator 0.513 700 800 100 100 100 100 100 100
Concrete drainage pipe 1000mm m Paver + crew 1.223 800 900 100 100 100 100 100 100 100
Pea gravel cu m Bitumen sprayer + driver 1.223 900 1000 100 0 0 0 0 0 0
Crash barrier + posts m Flatbed truck 4.807 1000 1100 100 100 0 0 0 0 0

Fig. 7 Output provided by the administrator to each group (a), breakdown of each 2-week
expenditure (b)

stockpiled material, wastage cost, interest charges, payment, % completed for each
major part of the project, % overall project completion, and the current bank balance
(Fig. 7). The groups can also compare their cost and schedule performance with other
groups in the overall performance graphs (Fig. 8).

By comparing the game controller results to their preliminary schedule of project
performance, students can determine if they are ahead/behind schedule or under/over
budget. The students should use the preliminary schedule to define the tasks that need
to be completed in the next 12-week period and can request the required amount of
material, workers, and equipment from the game controller. In total, there are five
submissions per group (Preliminary schedule, WBS, and weeks 1–12; weeks 13–24;
weeks 25–36, weeks 37–48 and weeks 49–60). The winning group is determined by
the degree of project completion and the amount of profit obtained.

Based on student feedback, the game approach has helped them understand
construction processes, how their decisions and risks affect project performance, the
relationships between tasks, project planning, and control tasks. Furthermore, the
competition aspect of this activity kept them engaged in the coursework, enhanced
creativity and strengthened group communication processes.
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(a)

(b)

Fig. 8 Overall performance graphs a Balance, and b project % completion

4.1 Future Challenges and Planned Enhancements

Some aspects of the game can be improved to enhance the player/student’s experi-
ence. The first aspect is to develop a Graphical User Interface (GUI), so students can
enter their information in a user-friendly environment and receivemore sophisticated
feedback (with additional graphs showing the current progress compared with the
current game set-up). The second aspect is to develop a BIM model for the entire
project. By linking the BIM model to a Virtual Reality plug-in on Revit (such as
Enscape), the students can have a VR experience of construction engineering and
project scheduling. Lastly, the BIM model can be further linked to game engines
such as Unity. The integration will allow the development of 4D videos and make it
easier for students to understand task sequencing.
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5 Conclusion

Planning and control of construction projects is a challenge in practice. This paper
describes a PBL game approach used in teaching undergraduate civil engineering
studentsConstructionManagement concepts. The scope of the projectwas to enhance
students’ understanding of a variety of construction disciplines (such as reinforced
concrete, highways, and drainage) and, to some extent, replicate the risks that may
affect the project performance. The game also reinforced the importance of group
work and developed students’ decision-making skills.

It should be noted that the game approach described here is a work-in-progress,
and newversionswill be developed based on student suggestions and lessons learned.
Some gaps identified in the proposed game approach are related to (1) submission
process (the game controller will not produce results if the student enter the wrong
data type), (2) previous knowledge on construction processes is needed (presentations
during the activitymay assist students in understanding aspects of heavy construction
projects), and (3) mobilization time and cost is not considered. However, the initial
feedback from students indicates that this activity has a great potential to develop
project planning and control skills.
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Integrating Building Information
Modeling (BIM) and Sustainability
Indicators and Criteria to Select
Associated Construction Method
at the Conceptual Design Stage
of Buildings

Nkechi McNeil-Ayuk and Ahmad Jrade

1 Introduction

The AEC industry needs a focused, sustainable approach to determine and estab-
lish design and construction strategies to improve the sustainability of buildings at
the conceptual design. Sustainable design is seen as one of sustainability’s main
concepts required to attain sustainable buildings whose objectives are to improve
the efficiency in using natural resources throughout their life cycle; and to create
facilities that are livable, comfortable, and safe while minimizing their impacts
on society, the environment, and the economy. The environmental part of sustain-
ability criteria includes sustainable sites, water efficiency, energy and atmosphere
and materials and resources; while the economic part focuses on the efficient use
of resources and on lowering the lifecycle cost, whereas the sociocultural criteria
cover the indoor environmental quality and innovation and the design process [1].
Sustainability assessment method uses tools, models, and frameworks to perform
calculations, analysis, and simulations within the sustainable design criteria, which
are applied to the building’s construction to make decisions related to selecting suit-
able alternatives. Thus, to evaluate the sustainability performance of a building, a
rating system (i.e., LEED) is used to draw its economic and social advantages while
helping the surrounding community, both socially and environmentally [2]. Sustain-
able construction involves the use of building methods to enhance sustainability
efforts. Traditional construction has been indicated to be wasteful [3], resulting in a
huge impact on the environment because different construction methods would lead
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to different sustainable outcomes [4]. Conventional on-site construction, modular
prefabrication and 3D printing-based construction are currently the three essential
methods used in building construction.

Building Information Modeling (BIM) is a concept that is used to create and
monitor project’s digital information throughout its life it integrates numerous
sustainable design criteria, which contribute to the social, environmental, and
economic agenda of sustainability [5]. It allows for multi-disciplinary information
to be superimposed into one model, which creates an opportunity for sustainability
measures and analysis to be integrated with the design process [6]. Modular off-site
prefabrication and BIM implementation have been identified as the two main areas
that have high opportunities to drive efficiency and improvement for the construction
industry [7]. Also, BIM is proven to be an effective method to facilitate the imple-
mentation of 3D printing in the construction industry; the method of construction
can be used in both small and large scale buildings, respectively [8]. Thus, modular
prefabrication and 3D printing-based construction offer the potential to improve the
unproductive and fragmented practice that is currently used in the built environment.
Therefore, this paper proposes a methodology to integrate BIM with sustainability
indicators and criteria to identify suitable construction methods at the conceptual
design stage of buildings.

2 Literature Review

Sustainability in building construction directs to the connection between environ-
ment, economics and social impacts [9]. The pursuit of sustainability and sustain-
able design remains the mainstream objective of the building design [10]. In order
to achieve that objective, sustainability must be understood as a specific form of
problem framing that emphasizes the interconnectedness of different sub-problems
and scales, aswell as the indirect effects and actions that result from it [11]. Therefore,
the sustainability goals can be reached by increasing the efficient use of energy, water
andmaterials by buildingswhile reducing their impacts on humanhealth and the envi-
ronment over their lifecycle [12]. Sustainable design represents a holistic, integrated,
and multidisciplinary approach in which every decision is evaluated against multiple
criteria to find the best solution. It integrates cost, duration, operations, maintenance,
workmanship, and employee considerations through the following five general parts:
(1) optimize site potential; (2) energy efficiency and renewable energy; (3) conserva-
tion of materials and resources; (4) water quality, conservation, and efficiency; and
(5) enhance indoor environmental quality [9].

Furthermore, sustainable construction materials are the foundation of a sustain-
able building, they play important roles in building sustainable development as all
construction materials impact the environment during their entire lifecycles [13].
Khaled et al. [14] stressed that the selection of sustainable materials is the first step
in developing sustainable buildings. Karolides [15], listed six important elements to
describe green construction materials, which are: (1) materials that are healthy for
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the interior environment, (2) materials that are healthy for the outdoor environment;
(3) materials that help minimize building energy; (4) materials that do not often
need replacement, which are durable, reusable, recyclable, and biodegradable; (5)
materials with low-embodied energy; and (6) materials that can be locally obtained.
The National Building Science characterized green products as the ones that contain
recycled materials, that can save water and energy, and that can decrease the amount
of toxic materials consumed. Hence, a simple definition is that green construction
materials are environmentally responsible because their impacts are considered over
their whole lifecycle.

Generally, a conventional construction method for buildings is plagued with
delays, material wastage and cost overruns as the degree of overlap amongst activi-
ties is associated with condensed time, which leads to increased project complexity
[3]. Modular construction has been recognized as one of the primary construction
methods for sustainable off-site construction in the recent past [16]. Off-site prefab-
rication has significant potential to improve productivity and performance of the
construction industry whilst 3D printing stands as the future of construction due to
the increased demands for more sustainable, resource-efficient practices and trends
for innovative designs and structures. Therefore, the use of any of those construc-
tion methods would have different impacts on the required resources, costs and the
completion time of construction for buildings, thereby influencing the sustainability
of construction [4]. However, selecting a sustainable construction method among
different options is still subjective; hence, it is imperative to evaluate the sustain-
ability life cycle of the different construction methods [16] in order to select the
efficient and reliable one.

BIM has positively impacted the way the construction industry is building and
managing urban spaces as it contains sufficient information about building perfor-
mance analysis, evaluation and it naturally captures data to support sustainable design
[17]. BIM tools can be leveraged to develop virtual intelligentmodels that are capable
to be integrated with other construction management tools (i.e. scheduling and cost
estimating) at the early design stage of building to promote collaboration, visualiza-
tion and constructability reviews to benefit all stakeholders throughout the facilities’
lifecycle [18]. According to [19], the technical capabilities of BIM that start with
visualization and coordination of architectural design and construction work are
complemented with numerous tools that are used at all stages of the construction
lifecycle. Ranging from clash detection, requirement management, calculation of
energy consumption, comfort simulation, environmental analysis, lighting simula-
tion, facility and space management, lifecycle cost evaluation of design and building
components. Evolution in BIM practice is a continuous technological advancement
where 6DBIM is one of the essential aspects of creating aflawless innovative building
construction. Yung and Wang [20] developed a 6D CAD model, which automati-
cally performs life cycle assessment (LCA) for sustainable buildings as a design aid
rather than a post-construction evaluation tool that is motivated by the inability of
existing building assessment tools to provide quick and reliable decision support for
designs. Jalaei and Jrade [21] developed an automated BIM model that links BIM,
LCA, energy analysis, and lighting simulation tools with green building certification
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system (LEED), which included newly created plug-ins in BIM tool (i.e., Revit) that
are capable of measuring the environmental impacts (EI) and embodied energy of
building components at the conceptual design stage.

The recent development of Construction 4.0 framework, which is at the centre of
the current state of practice by emerging trends and technologies; people and process
issues that surround the AEC industry’s transformation; BIM; lean principles; digital
technologies; and offsite construction, is at the edge of this extensive transformation
[22]. Presently, there are strong recommendations for the uptake ofmodular construc-
tion and BIM in order to improve the sustainability performance of the construction
industry, their benefits have been well-explored in several studies such as [7, 16, 23].
BIM-based 3D printing can be a new method to adopt by the construction industry
in the near future as it can bring obvious benefits and substantial savings in cost and
time [24]. It also has the potential to be an effective construction method to facilitate
the implementation of sustainable buildings at both small and large scales [8].

Therefore, this study proposes a methodology for the integration of BIM with
sustainable design to select the suitable type of construction method associated with
the selected design at the conceptual stage by considering: (1) users’ interactions
and input (facilitate design choice from conventional, modular and 3D printing); (2)
users’ access to accurate and real-time data about green construction materials and
associated families for the three construction design methods; and (3) users’ evaluate
the sustainability of the design by looking at the level of LEED certification based on
the accumulated points by using energy analysis, lifecycle assessment, and lifecycle
costing analysis.

3 Methodology

The methodology used to develop the proposed model will automate the integra-
tion process by using and customizing the APIs of BIM tool’s to enable users to
connect their sustainable design and select the suitable construction method through
five different modules from within BIM tool (Autodesk Revit). The flexibility of
the proposed model makes it applicable to any of the three design and construction
methods (i.e., conventional, modular, and 3D printing). This will provide owners,
designers and general contractors with more options to make their selection to assess
different design alternatives at the conceptual stage of the project’s life and accord-
ingly identify the suitable construction method. The path to develop the integrated
model is implemented through three main phases: (1) Literature review and data
collection to ascertain the actual needs, gaps and expectations; (2) Develop a concep-
tual integration framework: by using gap analysis to identify their efficient solutions;
and (3) Develop the intergraded model, which holds the implemented solutions for
the identified gaps.
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Fig. 1 Proposed model’s components

3.1 Model Components and Architecture

The components of the proposed model, which are shown in Fig. 1, consist of the
following five modules: (1) A Database Management System (DBMS) module; (2)
A Lifecycle Assessment (LCA) module; (3) A Lifecycle Cost Analysis (LCCA)
module; (4) An energy analysis module, and (5) A sustainability certification (LEED
rating system) module. The five modules are inter-related to each other in a way
that makes the proposed model unique, flexible, and yet versatile. The proposed
model’s architecture, which is illustrated in Fig. 2, consists of four sections: (1) input
requirement of data and information; (2) specific criteria required by the different
modules to initiate and execute necessary calculations and analysis; (3) various anal-
ysis performed by each module directly or via inherited plug-in within BIM environ-
ment; 4) the output include analysis and evaluation reports, cost estimating report to
support decision-makers at the conceptual design. The proposed model’s data flow
is illustrated in Fig. 3.

3.2 Proposed Model’s Development

Since the proposed model consists of five modules, its development is implemented
chronologically in phases as follows:
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Fig. 2 Proposed model’s architecture

Fig. 3 Proposed model’s dataflow
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3.2.1 Database Module

The development process of this module follows the size and structural requirements
of a relational database which is designed and implemented through two steps: (i)
conceptual modelling, and (ii) physical implementation. The main objective of the
relational database module is to support the sustainable design of buildings at the
conceptual stage therefore, its conceptual modelling starts with requirements anal-
ysis where problem investigation and user requirements are identified from the liter-
ature review. Conceptual modelling aims at establishing entities and their associated
attributes, then their relationships based on all the previously identified requirements.
Once the conceptual schema (entities relationship) is derived, the physical imple-
mentation starts. BIM-based database management system (DBMS) is physically
designed and implemented to systematically compile, organize, store, and provide
data for the sustainable design of a building at the conceptual stage.

3.2.2 BIM 3D Design Module

The purpose of this module is to incorporate three different types of conceptual
design (conventional, modular and 3D printing) for sustainable buildings by creating
a 3D BIM model for each of them, which incorporates 3D families within BIM
tool that are created with sustainable construction materials in accordance with the
sustainable design requirements. Autodesk Revit is selected as BIM tool to create
the 3D building model because Revit is well established and widely used by the AEC
industry. The 3Ddesignmodule is created using sustainable construction families that
are stored in the external database of themodule, and by collecting plans and sections
of different types of buildings to develop side views of the 3D design models that
are automatically organized by BIM tool, those models can be used for visualization
and to perform necessary calculations, analyses and simulation of the sustainable
building.

3.2.3 BIM-Based Energy and Thermal Simulation Module

The BIM-based energy and thermal simulation module is developed over three main
steps; (1) the BIM3Dmodel and other parameters will serve as the building geometry
and the main input parameter. They consist of construction materials with thermal
proprieties, which were collected and stored in the external database.

Other input parameters components and factors that directly influence a building’s
energy consumption, such as energy systems, weather conditions, internal load,
operating strategies, and schedules. (2) The BIM-building energy analysis and data
exchange which will solve the incompatibility between the 3D BIM design model
and the existing energy simulation application. So often, the model’s conversion will
result in loss and distortion of information. Therefore, plug-ins will be created to
ensure the consistent and accurate transformation of data and resolve any issues that
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may arise during the file conversion process in order to create an energy analysis
model. (3) In the third step, the BIM-energy simulation will use a whole-building
energymodelling engine and energy simulation, which is implemented via an object-
oriented programming language (i.e., C#). The detailed result is exported and saved
in an appropriate file for evaluation and further documentation in line with LEED
Canada rating system by following the guidelines for energy modelling compliance
in Canada.

3.2.4 BIM-Based Lifecycle Assessment Module

This module focuses on developing an integrated BIM-LCA workflow needed to
perform LCA at the conceptual design stage of buildings. The objective is to eval-
uate the environmental impact of buildings within the BIM environment and generate
continuous feedback of LCA results to guide the design team to improve the envi-
ronmental performance of a building at the early design stage through a Dynamo
connection for Autodesk Revit. The materials quantity take-off of the 3DBIMmodel
and LCA building material database is exported to a spreadsheet via a (*.xls) file
format and linked with LCA’s material ID’s to evaluate their environmental impacts
and to calculate and visualize LCA results all within the BIM environment. The
database is the source where Visual Programming Language (VPL) Dynamo gets
the environmental impacts of the building materials to assess the sustainability of a
building. In this study, ATHENA® Impact Estimator (IE) is used as the LCA tool
because it is the common one used in North America for that purpose and because it
allows users to evaluate the whole building and assemblies based on internationally
recognized LCA methodology, ISO 14040 which consists of four stages.

3.2.5 BIM-Based Lifecycle Cost Analysis Module

The objective of this module is to integrate BIM with life cycle cost analysis at the
conceptual design stage for the three construction methods: conventional, modular
and 3D printing based on the corresponding design to evaluate all the relevant costs
over the lifetime of a building. Themethodology uses the capabilities of BIM tools to
perform LCCA early during the design to enhance the decision-making process and
achieve a sustainable design that is of high quality and at a lower overall cost. The
proposed methodology adopts the LCCA classification of monetary costs such as
initial costs, running costs, and salvage value. All expenses incurred at the different
time periods during the life cycle of a building are made current by using the net
present value method (NPVM).



Integrating Building Information Modeling (BIM) and Sustainability … 79

3.2.6 Building Sustainability Assessment and Certification (LEED)
Module

The objective of this module is to provide a frameworkwhere the sustainability of the
building 3D designmodel is evaluated based on the LEED certification system and its
associated criteria. The methodology automates the sustainability assessment of the
proposed building’s design by integrating BIM and LEED certification systems by
calculating the potential number of credits that a building may earn. The core of this
module is primarily laid on a framework that uses the process of LEED certification
andBIM functionalities, whichwill be applied during the project’s conceptual design
phases for effective and reliable evaluation of the decision related to the sustainable
design. LEED v4, which is published by Canada Green Building Council (Ca GBC)
is the reference guide for the building design and construction (BD + C) checklist
that provides credits solution for each of the seven categories that are adopted in this
study: (1) Location and Transportation (LT); (2) Sustainable Sites (SS); (3) Energy
and Atmosphere (EA); (4) Materials and Resources (MR); (5) Indoor Environmental
Quality (IEQ); (6) Innovation inDesign (ID); and (7)Regional Priority (RP), to ensure
consistency with the North American AEC industry.

4 Model Testing

The developed model is tested to verify its capability and workability of a design
engine named COMOTH, an acronym for conventional, modular, and three-D
printing. This paper is limited to the development and testing of the database module,
which is described in Sect. 3.2.1 in a BIM environment. A case study of an actual
two-floor residential building is designed and tested using the three types of design
and by selecting the associated construction method (i.e., conventional, modular, and
3D printing).

The proposed construction site has a total area of 4457 ft2, and the building’s
gross area is expected to be 17,533 ft2 upon completion. The 3D conceptual design
models were created in Autodesk Revit 2020 (as a BIM tool) using the sustain-
able families and materials stored in the associated database, which is developed
for that purpose, as shown in Figs. 4a–c. Once a sustainable design is initiated, the
designer runs COMOTH (a plug-in) in a Revit project located at the top bar of the
Revit architecture, which opens the design engine with a form requesting to select
an option related to the number of floors. There are two building design options for
this design engine:1-floor to 3-floor building design and 4-floor and above building
design. Selecting a 1-floor to 3-floor building design instructs the design engine to
open a three-building design forms, which is associated with that selection as shown
in Figs. 4a–c. The design parameters for conventional and modular prefabricated
building construction methods such as door, window, wall, floor, ceiling, roof and
column and slab stored with their associated information (keynotes, assembly code,
specification, and description) ready for use, whilst 3D printing design option has
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(a) 

(b)  

(c)

Fig. 4 a Conventional design database. bModular design database. c 3D printing design database

information about the materials (for wall design) and 3D printers’ specifications.
Similarly, selecting 4-floor and above building design would instruct the system
to open three design options; however, only the conventional and modular designs
are compatible with that selection. The 3D printing design option will show a ‘not
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compatible’ message as this study is part of an ongoing research project; the devel-
oped model is limited to 3D printing design for three floors for now. However, the
plug-in is designed to create room for future extension of the 3D printing building
design.With all the information for a sustainable design of various building construc-
tion methods stored in the COMOTH design engine, the designers can commence
and achieve their design in a streamless and cost-effective manner.

5 Conclusion

This paper described the development of a model that integrates BIM tools with
sustainability indicators and criteria to help designers select associated and suitable
construction methods that best fit the owner’s design requirements for sustainable
buildings. The focus of this study is on the conceptual design stagewhere various vital
decisions related to proposed projects aremade. The novelty highlighted in this paper
describes the development of an integrated model that comprises a database manage-
ment system (DBMS) to aid the design team in selecting the optimum sustainable
construction design by using predefined components for proposed projects based
on owners’ needs and the conceptual design analysis. The developed DBMS is inte-
gratedwithBIMtool through an automated linkby creatingnewplug-ins (COMOTH)
for designers to use when doing the design of proposed sustainable buildings at the
conceptual stage in a timely and cost-effectiveway.However, this is ongoing research,
which has the potential for further development, impleentation, and validation.
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Integrating 3D Modeling and GIS-Based
Land Use and Multimodal Transport
Accessibility Evaluation Model to Design
and Retrofit Sustainable Bridges

A. Elgayar and A. Jrade

1 Introduction

Transportation infrastructure is typically considered as a vital pillar for any city, since
it supports social development and economic growth. Lately, researchers are focusing
their studies on sustainable infrastructure development and transportation planning
because current infrastructure is ageing, and the increased population and demand
of motorists for mobility and access [1, 2]. Conventionally, transportation planning
is based on mobility analysis, which is the main reason for evaluating transportation
systems’ performance in terms of travel speed and distance. This evaluation approach
does not take into consideration broader economic, social and environmental goals.
On the other hand, land use planning is evaluated based on geographic and spatial
accessibility [2, 3]. A disconnect in the planning approach exists with regards to
accessibility, especially since transportation designers are usually not included during
the early stages of planning even though transportation and spatial development are
interrelated as land use planning can have major impacts on transportation systems
[2, 4–6].

Currently, transportation systems planning is shifting towards an accessibility
paradigm, which puts individuals at the centre of transportation planning because
the use of accessibility as a measurement is the link that can bridge the gap between
land use and transportation planning. The concept of accessibility has increasingly
become a vital factor that promotes and assists in making sustainable land use and
transportation decisions. Thus, accessibility measures provide a holistic approach to
sustainable urban development and mobility management. Evaluating transportation
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systems based on accessibility can influence the improvement of alternativemodes of
transportation and provide synergies with land use planning objectives. Additionally,
it incorporates evaluation of social, economic, and environmental impacts [2, 4, 7, 8].

Literature indicates that the majority of the existing accessibility evaluation
models are Geographic Information System (GIS)-based. This is due to the capabili-
ties of GIS tools to combine, process and analyze large quantities of required spatial
data pertaining to multimodal transportation, land use destinations (LUDs), and
demographics. Previous developed accessibility evaluationmodels donot consider all
modes of transportation and thus do not capture all impacts of various transportation
models on LUDs accessibility [8–10]. Moreover, GIS tools such as ArcGIS by Esri
are versatile andofferGIS3Dvisualization and analytic capabilitieswithinAutoCAD
drawings via a plugin [11]. This makes a GIS-based accessibility module ideal for
the evaluation of proposed and retrofitted sustainable bridges using a pre-developed
rule-based expert system, 3D CAD modeling, sustainability, and conceptual cost
estimation model.

This paper outlines the proposed methodology to derive and inherently embed
a Land Use and Multimodal Transportation Accessibility Evaluation (LUMTAE)
module in the existing versatile model. Comprehensive literature review was
conducted covering the transportation and land use interrelation, existing accessi-
bility evaluation tools, and GIS tools’ capabilities and characteristics. The derived
GIS-based LUMTAE model will be integrated with the pre-developed 3D CAD
sustainable bridge designing model to provide an all-inclusive streamlined designing
and planning process.

2 Literature Review

2.1 Transportation and Land Use Systems

The planning and evaluation of transportation networks and land use systems have a
history of occurring separately, despite that an interrelationship between transporta-
tion and spatial development does exist. Transport planning focuses on improving
travel time by increasing speed while land use planning is concerned with the attrac-
tion and distribution of population (density). Evidently, there is a disconnect between
planning efforts, which can lead to urban sprawl, unsustainablemobility patterns, and
low transit ridership levels. However, it is now a fact that travel and land development
co-determine each other from numerous studies on their interrelationship. In light of
this, it has become apparent that transportation and land use planners need to coordi-
nate efforts for optimal efficiency of network design and land development location
decisions [1, 9, 12–14]. A feedback cycle exists between land use and transport with
accessibility identified as a common factor. Accessibility directly affects attraction,
which, in turn, directly affects location decisions for development and trips. A case
study inWashington DC demonstrated that the higher level of accessibility a location
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may have, the better chance it will have to attract high density development. Thus,
establishing that accessibility as a function of transport can shape the land use system
and vice versa [6, 14]. The question on how transport and land use systems affect
each other via accessibility can be explained as: “the distribution of infrastructure in
a transport system creates opportunities for spatial interactions” and it is measured by
accessibility, while “the distribution of accessibility in space co-determines location
decisions and so results in changes in the land use system” [6].

2.2 Accessibility

The concept of accessibility has been recognized by researchers and planners as an
alternative paradigm that constitutes a holistic approach towards achieving sustain-
able urban development and mobility management. Accessibility measures provide
frameworks that assist in the integration of transport and land use policies and design
[4]. Prior to discussing frameworks and their various components, the concept of
accessibility as it relates to transport and land use must first be defined. Accessibility
can be defined as “an individual’s ability to reach desired goods, services, activi-
ties and destinations” [8]. Based on that definition, the assessment of transportation
systems using an accessibility measure approach is beneficial to highlight existing
issues of equity and transport disadvantages. Addressing those issues would help
create a more socially just transportation system with fair distribution of and equal
access to transportation services and LUDs [2, 8]. It has been also argued that the
concept of accessibility does not only relate to the characteristics of the transport
system, such as travel time, but also the land use system, such as density. Accessi-
bility can also be related to social goals, such as access to employment, to economic
goals, such as access to customers, and to environmental goals, such as sustain-
able mobility patterns [4, 15]. Cervero [16] and Wixey et al. [17] established this
by identifying the several ways that accessibility is used for planning and on how
‘accessibility planning’ can decrease the negative impacts of a transport system on
the environment.

2.3 Existing Accessibility Models

Urban transportation planning has commonly used GIS for its capabilities to manage
and integrate data, conduct analyses, and provide visualization. The concept of acces-
sibility is concerned with the spatial pattern and links between activities; thus, GIS
platforms are suitable for accessibility analysis [12, 18, 19]. Based on the afore-
mentioned, many GIS-based models and frameworks were developed to provide
accessibility measures and analyses, such as: TRESIS model, ACCESS tool, Multi-
modal Transportation Network model, Land Use and Public Transport Accessibility
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Index (LUPTAI). Each of those models/frameworks requires a set of data and has a
range of applications.

2.4 TRESIS Model

Transportation and Environment Strategy Impact Simulator (TRESIS) model was
developed by the Institute of Transport Studies at the University of Sydney as a
decision support system that centres around the interdependencies of transport, land
use, and the environment. The model consists of a set of integrated modules that
outline an accessibility evaluation framework and utilize road and public transport
networks, intra and inter-zonal modal level of service, trip patterns, residential popu-
lation, socioeconomic profiles of zones, and employment opportunities. Some of the
model’s applications include evaluating potential new infrastructure, modal rider-
ship, land use policies, and residential density [20]. The model lacks consideration
of walking as a commuting mode choice and pedestrian infrastructure within its
accessibility evaluation framework.

2.5 ACCESS Tool

ACCESS is an evaluation tool developed by Liu and Zhu [18] that integrates the GIS
approach, a socio-economic, transportation and land use database, and an accessi-
bility analysis process. The tool aims to provide users with an integrative GIS-based
platform that supports decision making with accessibility analyses for various urban
transportation planning applications. There are four main functions of the tool: data
preparation, Origin–Destination (OD) formulation, accessibility measurement, and
visualization.Basedon theoutlined functions, the integrateddatabase contains spatial
and non-spatial data including trip survey data, OD spatial separation, travel modes
and road network, population socio-economic characteristics, LUDs opportunities,
and attractiveness of opportunities [18]. The ACCESS tool considers walking as a
means to access public transit (PT), but does not consider it as a choice for commuting
on its own to access LUDs.

2.6 Multimodal Transportation Network Model

Djurhuus et al. [12] developed a multimodal transportation network model that inte-
grates GIS and PT time-based component aiming to incorporate all stages of PT
travel, such as walking or cycling to access PT, waiting for PT departure, in-vehicle
transit time, and interchanges/transfers time while determining individual-based
accessibility of PT and LUDs. This was accomplished by embedding a PT travel
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planner, weighted directed graph, and walking time with GIS software. PT acces-
sibility and temporal factors are directly linked, thus, the model uses travel time as
the main factor for evaluating accessibility. Typically, GIS network models simplify
temporal factors, and the multimodal transportation network model addresses this
limitation [12]. The model focuses on PT and does not consider private vehicles,
walking, and cycling as modes of transport to access LUDs.

2.7 Land Use and Public Transport Accessibility Indexing
Model (LUPTAI)

The Land Use and Public Transport Accessibility Indexing Model (LUPTAI) is a
GIS-based accessibility evaluation model that takes into consideration LUDs and
road, pedestrian, and PT networks. The developed and inherent accessibility index
accounts for degree of choice where walking is considered a transport mode to access
LUDs and PT. The model’s aim is to provide visual representation of PT and LUDs
accessibility by producing maps via GIS application. Data requirements for LUPTAI
includes employment, LUDs services (health, shopping, financial, postal and educa-
tion), road and PT networks, and OD trip surveys. One of the main advantages of
the model is that it is open source and can be used with any GIS tool [8]. Private
vehicles, community transport, and cycling are not accounted for in the LUPTAI
model, which is one of its limitations.

3 Methodology

The methodology to develop the proposed GIS-based Land Use and Multimodal
Transport Accessibility Evaluation (LUMTAE) module and integrating it with the
existingmodel includes: (1) conducting a comprehensive literature review; (2) identi-
fying the procedural commonality of the existing GIS-based accessibility evaluation
models; (3) outlining the proposed module’s development procedure; (4) planning
the module’s integration with the main components of the existing model; and (5)
ensuring that the relationship and interoperability between all the modules is smooth
to achieve the set objectives.

3.1 LUMTAE Module Development

Through extensive literature review, the common steps in the development of existing
GIS-based accessibility evaluation models were identified and a procedure for the
LUMTAE module development was outline. The combined module development
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procedure ismodified to ensure thatmultimodal transportation accessibility is consid-
ered. The proposed module’s development procedure will consist of four processes:
(1) Data requirements and collection; (2) Data query and retrieval; (3) Accessibility
measure selection; and (4)Accessibility calculation andvisualization [8, 9, 12, 18, 20,
21]. The processes are merged into two steps: (1) Data requirements and collection,
and (2) Module application.

3.1.1 Data Requirements and Collection

Existing models commonly measure accessibility based on walking or cycling
distance and vehicular (private and public transit) travel time. Thus, initially it is
vital to identify and collect the required datasets to be used by the module. The
required data, which include spatial and non-spatial data, is divided into two cate-
gories: (i) transportation, and (ii) land use systems. For the transportation systems
data requirements, the networks GIS datasets, such as the road, public transit (bus,
train, and light rail), pedestrian, and cycling networks, will be obtained from open
data available online by the [22] at the provincial and municipal levels. The PT
routes, stops, and frequencies data will be extracted from the local PT websites and
the various municipal official plan transit priority network maps. The OD survey
to determine travel behaviour will be obtained from various municipal transporta-
tion planning committee websites. For the land use system, LUDs determining the
location of activities and services can be obtained from open data. The missing
LUDs can be determined and manually imported by using google maps. LUDs will
include employment centres, health institutes (such as hospitals, dentists, etc.), educa-
tional institutes (schools, universities, etc.), shopping centres (malls, stores, etc.), and
miscellaneous services (banks, post offices, etc.). Zoning/district maps, employment
rates, and demsographics data will be obtained from open data available online and
from various municipal transportation planning committee websites.

3.1.2 Module Application

After the required data is compiled, pre-processed, and embedded in a GIS database,
the module will be programmed to streamline the processes. The data query and
retrieval process will support the module’s interoperability between the database
and GIS tool. The selection process of the accessibility measure will determine
the appropriate accessibility analysis approach based on the travel mode(s) under
consideration. The accessibility calculation and visualization process will carry out
the selected accessibilitymeasure’s calculation andprovideGISproducedmaps to aid
users with visualization of the results. Derived from the aforementioned processes,
the module will be applied in the subsequent six steps:

1. The network(s) of the selected travel mode(s) are analyzed to determine the
level of accessibility to the identified LUDs using the OD zones/districts.
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2. If PT is considered as a travel mode in the analysis, the nearest PT stops from the
origin are determined during the network(s) analysis conducted in the previous
step.

3. The pedestrian or cycling networkwill determine thewalking or cycling distance
from the identified PT stops or LUDs, considering individuals’ freedom of
choice to walk or cycle as a form of commute to access PT or LUDs.

4. Travel time analysis is performed on the appropriate network(s) to identify the
LUDs that can be accessed from the origin for a given travel time. Waiting for
PT departure, mode transfers, and in-vehicle transit times will be accounted for
in the analysis.

5. The computed LUDs’ accessibility values will then be interpreted on a GIS
rendered map.

6. Amultimodal accessibility classification scalewill be developedbasedon thePT
accessibility scale devised by Yigitcanlar et al. [8]. Using the computed acces-
sibility index values, a classification of accessibility measure will be assigned
to aid users and decision makers in using accessibility levels as a point of
comparison for new and retrofitting infrastructure.

3.2 Model Components

Themodel was initially developed with fivemodules, namely: (1) a rule-based expert
system (RBES), (2) a bridge sustainability rating system (BrSRS) module, (3) a
bridge environmental performance strategy mapping (BrEPSM) module, (4) a 3D
CADmodule, and (5) a cost estimating module. The RBES was developed as sets of
IF–THEN rules in an excel database based on the incorporation of two rule-bases:
heuristic as rules of thumb gathered from conducted interviews with a number of
bridge design experts and algorithmic that consists of the Ministry of Transportation
of Ontario’s highway geometric design guidelines, bridge structural codes and the
navigational waterway guidelines. The conceptual cost estimating module gener-
ates the bridge’s approximate cost estimate based on the recommended bridge type
and its associated dimensions that are determined by the RBES while applying the
required time and location adjustment factors. The BrSRS module provides users
the capability to customize a sustainable bridge in accordance with the developed
sustainability rating system. The BrEPSMmodule provides users with a preliminary
Environmental Impact Assessment, which is relevant for any project’s forecasted
footprints. And finally, the 3D CAD module renders a model of the proposed or
retrofit bridge based on the RBES output [13].

The proposed LUMTAE module will be the sixth module to be integrated into
the said model. With the LUMTAE module, the model will permit users to evaluate
proposed locations of newbridges and retrofit options, such as adding a transit priority
lane, by using accessibility as an evaluation metric. Ultimately, adding the proposed
module will provide the model with capabilities for users and decisionmakers to
determine the appropriate locations for new bridges, address existing infrastructure
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design issues, and solve multimodal commuting barriers with respect to accessibility
levels. Figure 1 illustrates how the LUMTAEmodule will be integrated with relation
to the rest of the modules. The module will transfer data between the RBES and 3D
CAD module as their outputs will be used by the module’s data query and retrieval
process. Figure 2 illustrates the proposed interface for the LUMTAE module and
Fig. 3 depicts the model’s logical flowchart that facilitates the development of the
user-friendly interface.Moreover, themoduleswere developed to suit their respective
logical step in the model. Each module is represented by the amount of information
required to display and the available selections users can perform.

Fig. 1 Model’s components

Fig. 2 LUMTAE module’s proposed interface
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Fig. 3 Model’s flowchart

4 Conclusion

This paper describes the proposed development of a GIS-based Land Use andMulti-
modal Transport Accessibility Evaluation (LUMTAE)module and integrating it with
an existing model that encompasses five different modules: a RBES, a BrSRS, an
BrEPSM, 3D CAD modeling and cost estimating. The model aims to provide users
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and decision makers a streamlined approach to quickly prepare designs and generate
cost estimates for new and retrofit bridges. The model incorporates a sustainability
design approach to provide users with the option to conceptually design either a
conventional or a sustainable bridge. The proposed LUMTAE module will be devel-
oped to enhance the pre-existing model and will involve four processes, namely,
data requirements and collection, data query and retrieval, accessibility measure
selection, and accessibility calculation and visualization. The required data will be
collected from open data provided by the Government of Canada and compiled in
a GIS database, the appropriate accessibility analysis approach will be determined
based on the travel modes under consideration, and GIS tool will be integrated to
produce maps that assists users with visualizing the evaluation results. The module
will allow users to use the accessibility evaluation as ametric to determine ideal loca-
tions for new bridges, address existing bridge design issues, and solve multimodal
commuting barriers.
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Initial Investigation of a More
Sustainable Method for Constructing
Electric Conductive Pavement

Mohammad Anis and Mohamed Abdel-Raheem

1 Introduction

Since snow and ice formation significantly affect road traffic safety, it is necessary to
keep off the pavement during harsh winter conditions [12]. Over the last few years,
different methods are developed to resolve the issue; however, it still requires a more
efficient and economical way to remove snow or ice on the pavement for continued
traffic flow and ensure road safety. To overcome drawbacks involved with conven-
tional methods, the pavement heating system has recently been studied immensely
due to its advantage, including environmentally friendly, economical, and operational
sophistication [18]. Many pavement heating systems have been studied in previous
research; the usages of the electrically conductive coating or conductive thin film are
new [23]. They are formed by dispersing conductive elements in the polymer matrix,
which work as a resistive heating mediumwhile applying current through the matrix.
According to the principle of Joule heating, the resistor can be heated up when the
current passing through it. Therefore, utilizing the conductive coating composite as a
resistor by controlling the desired resistivity, which enables generating the required
amount of heat to top the pavement surface and use for melting ice and snow from
the pavement.

Since the coating has higher conductivity by incorporating conductive materials
into the polymeric matrix, which able to carry a sufficient amount of current. Previ-
ously, the electrically conductive coating has been utilized for machinery, microelec-
tronics, aerospace, chemical industry, anticorrosive coating, and so on [5, 19], now it
is considered widely for thermal management due to having supreme characteristics
[22]. To achieve the desirable resistive heating performance, requires an appropriate
combination of polymer and conductive materials and which is crucial. Recently,
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waterborne polyurethane (WPU) has gainedmuch attention and has been usedwidely
since its lavish properties include flexibility, elasticity, abrasion-resistant, and suit-
able adhesion with the substrate [13]. Unfortunately, it needs to enhance conductivity
because of the higher resistivity of WPU, so it should incorporate higher conductive
fillers to improve the conductivity of the composite. The Graphite powder (GP) is
considered a suitable conductive filler to prepare polymeric matrix composite due to
its applicable conductive property and low cost [6].

This study intends to investigate the viability of using GP-WPU composite as
an electrically conductive coating for constructing heating pavement. To this end,
conductive coating composites with different fraction volumes of GP andWPUwere
prepared and investigated their surface heating performance. The expected outcome
of this investigation is to depict a guideline for conducting large-scale construction
heating pavement applying the conductive coating.

2 Literature Review

In recent years, the electrically heated pavement has gained significant attrac-
tion since its great potentiality for removing snow or ice from the pavement and
which is assumed more energy-efficient and environmentally friendly than tradi-
tional methods. Consequently, some researchers have been studied and lead several
ways to develop electrically heated pavement, for instance, embedded heating cable,
electric grill, electrically conductive concrete, and electrically conductive coating.
Among them, electrically conductive coating or thin film is a newapproach andwhich
have several advantages, including low cost, applicable on the existing pavement,
and operation sophistication compared to the other alternatives.

In order to make a desirable electrically conductive composite, which should
have a sufficient amount of conductive materials along with binders; as conductive
materials, various carbonaceous materials have been used in previous researches,
such as carbon nanofibers [9, 15], graphene [16], or carbon black [1]. The conductive
fillers require to disperse evenly while blending with binders, that creates enough
conductive paths inside the composite. Thus, it needed a suitable binder to make
this synthesis and ability good adhesion to substrates. As a binder, numerous types
of polymer can be used in the composite; for instance, epoxy resin has been used
as a binder and applied on the various substrate such as portland cement concrete
(PCC) surface [4] and asphalt concrete pavement surface [2, 3]. The polyvinylidene
fluoride (PVDF) has been used as a binder to create the superhydrophobic coating
on the substrate [9, 21, 25], whereas it appeared low strength and weak bondability.
In recent years, polyurethane (PU) polymer has increasingly gained attention as a
coatingmaterial, since it has a superior binding ability with the substrate.Waterborne
polyurethane (WPU) has become popular than solvent-based polyurethanes because
of itsminimum toxicity that positively affects surface coating applications.Moreover,
WPU has elegant properties such as flexibility, abrasion resistance, versatility, and
far-reaching substrate applicability [10, 11, 17]. TheWPUhas been used as adhesives
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and coatings on different substrates, for instance, plastics, leather, textiles, paper,
rubber, and wood [14, 30]. Different conductive fillers, including glass fiber, carbon
nanotube, carbon fiber, carbon black, and graphite so forth, were used right into
polyurethanematerial alone or combined to enhance the thermal stability,mechanical
toughness, and electrical conductivity of polyurethane-based compounds. Compared
to other fillers, graphite (GP) is assumed to be less costly and had an outstanding
performance regarding both conductivity and toughness. Graphite powder (GP) with
micrometer-sized particles might boost network microstructures channels, which
helps to flow current through the composite properly. The composite with WPU and
different dosages of GP exhibited excellent electrical property as well as thermal
stability.

3 Methodology

The PCC pavement surface is coated with an electrically conductive composite,
prepared with waterborne polyurethane (WPU) used as a polymer binder and
micrometer particle-sized graphite as a conductive element. This coating able to
heating the pavement surface while connecting to the electricity and enabling it to
melt snow with less cost. Since achieving the desirable resistive property of electric
conductive coating, the required amount of GP dosage is determined using percola-
tion threshold theory The property of heating capacity of GP-WPU coatingmeasured
with infrared thermometer by maintaining control parameter. Figure 1 shows the
synthesized composite applied on the concrete surface.

Fig. 1 Methodology of developing heating pavement
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3.1 Materials

The conductive filler used in this study was GP with a passing 44 µm diameter,
a specific gravity of 2.26, carbon content of 99.35%, and dry-condition electrical
conductivity of 28.25 s/cm. The composite coating is supposed to be used on the
PCC pavement surface, hence intended for the reducing curing time, which will
enable shortening the closing time for traffic on the coated surface. Therefore, instead
of incorporating any solvents, this study used fast-drying water-based polyurethane
(WPU), which has a low VOC content and eliminates the duration of required evap-
oration of solvent to set the composite. The WPU by SureCrete was used as a binder
with solids content 57%, VOC content 72 g/L, set to touch 6–8 h.

3.2 Application Procedures

For preparing the coating composite, the oven-dried GP was added to the WPU
and blend at room temperature for 3 min with 250 rpm speed. Once the mixture was
prepared following the procedure, themixture was applied to the sample surface with
a brush. To calculate the applied coating weight on each specimen, required weight
records of composite samples, specimen weight before and after applied coating,
brush, and mixture pot.

To achieve the desired electrical conductivity of the mixture, required to deter-
mine the optimal dose of conductive filler with the polymer content, using a method
called percolation threshold, which is an excellent method to explain the electrical
behavior of composite [20]. The polymer content acts as an insulator in the mixture,
so the volume fraction of conductive filler should be greater or equal to the percolation
threshold [9, 24, 28] to achieve its higher electrical conductivity. Therefore, an accept-
able amount of conductive filler needs to add with polymer contents, which help to
form the continuous conductive paths in the whole matrix or edge to edge. The range
of conductive fillers usage in the mixture at which electrical resistivity decreased
rapidly, which is known as the percolation transition zone [7]. By increasing the
volume fraction of conductive fillers within the percolation transition zone, the elec-
trical resistivity of the composite reduces several orders of magnitude. It continues
to reduce while adding more conductive filler above the percolation threshold zone;
however, resistivity decreases at a lower rate since the network formation by conduc-
tive elements is already saturated in the composite [20]. As the conductive filler
dosage continues to increase in the mixture, its viscosity increases, making it chal-
lenging to apply to the sample surface [20]. Therefore, it is required to determine the
percolation transition zone of GP-WPU composite by containing different volume
fractions of GP in the mixture and shown in Table 1.

Two coated substrate samples, such as wood and PCC, were prepared using the
mixture proportion given in the table to measure surface resistivity shown in Fig. 1.
The wood substrate has been used to measure the electrical resistivity of the surface
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Table 1 GP-WPU content
for determining the
percolation threshold of
composite

GP (% Vol.) WPU content (g) GP content (g)

0.00 15.00 0.00

2.50 14.63 0.85

5.00 14.25 1.70

7.50 13.88 2.54

10.00 13.50 3.39

12.50 13.13 4.24

15.00 12.75 5.09

17.50 12.38 5.93

20.00 12.00 6.78

22.50 11.63 7.63

25.00 11.25 8.48

27.50 10.88 9.32

30.00 10.50 10.17

since the dry wood has low conductivity, so there was no interference with the resis-
tivity measurement [23]. The coating specimens were prepared on the air-dried PCC
surface to simulate the intended real idea during application on the concrete pave-
ments. The final results were prepared by taking on an average of using both speci-
mens, and each type has three replicates. To supply electricity through the composite,
the copper tape was placed inside the two ends of the coating as an electrode and
which improved the electrical connection since a low dosage of GP could not be
exposed to the surface. This study used two probe methods [8, 27] to determine the
electrical resistivity, which is more accurate and reliable for measuring surface resis-
tivity of the coating. A digital DC source multimeter was used to measure resistance
value with 1 s to avoid polarization [26]. All measurements were conducted at room
temperature and relative humidity in the air. Each coating was controlled with the
same thickness ensuring at a different point, and width and length measurements of
each specimen counted with 0.01 mm precision, that is used to determine the surface
resistivity per square by the parallel strip method [29]. The percolation threshold
was determined by plotting against (% vol.) to the coating surface resistivity. To
relate this result with coated surface heating, performed heating tests on the wood
and PCC substrate. The surface temperature rising was measured using an infrared
thermometer during AC voltage supplied by the time. Specimens have investigated
the resistive heating capability of coating on the PCC substrate were coated with at
selective dosages; GP dosage rate was used 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5,
25, and 27.5% volume of the total composite volume, which are selected according
to the percolation threshold determination test, and specimens were prepared with
three replicates. At different rated voltage with constant 60 Hz AC power supplied
through the copper tape and measured temperature rising with an active infrared
thermometer shows in Fig. 2e. The measured surface temperature was recorded as
explained above for each specimen with a 10 to 30 V AC power supply for 30 min.
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Fig. 2 a Preparation method of GP-WPU composite b Coating applied on the wood substance c
Coating used on the concrete substrate d Two probe resistance measurement of coating e Surface
temperature measurement with 64 Hz current supply

4 Result and Discussion

4.1 Experiment Results

The surface resistivity of GP-WPU coating with the different volume fraction of GP
results is presented in Fig. 3. As seen in the figure, the GP-WPU composite changed
the insulator to conductivity while increases GP dosages rate, which involved
different regions, including two rapid decreases and two plain regions.
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Fig. 3 The variation of surface resistivity of conductive coating with GP(% Vol.) in the WPU
polymer matrix

The first plain region was found at 2.5–7.5% volume fractions of GP, which
showed the characteristics of forming conductive paths inside the coating and
reducing resistivity at a lower rate. The first abrupt changes were noticed between 7.5
and 12.5% volume fractions of GP in the composite, which is shown a transition from
insulator to the semiconductor since formed low enough conductive paths inside the
matrix. The second abrupt transition was observed from 12.5 to 20% volume fraction
of GP, where conductive material containing up to threshold, therefore composite
material turns semiconductor into conductive form. After the percolation transition
region, observed a marginal decrease of surface resistivity while increasing the GP
dosage rate in the composite.

The heating capacity of GP-WPU coatings has been investigated on wood
substance after 5 min of the current application. Up to 12.5% GP volume frac-
tion usage coating, no heating effect has been observed on the wood surface while
supplying AC 30 V. Above the fraction of volume 12.5% GP, the average surface
temperature at the end of the electrical heating test increased containing with GP
volume. Figures 4 and 5 present the average temperature rise of coated on the concrete
surface while supplying (10–30) AC Voltage with a different dosage rate of GP and
investigated with the different time intervals. Each time interval (1, 5, 10, 15, 20, 25,
and 30 min) shows a trend of rising the surface temperature along with the increasing
GP dosages rate in the composite.

An abrupt heat generation on the concrete surface was observed at 17.5% GP;
for instance, when connected 30 V electricity through 17.5% GP coated surface, the
average temperature rises a few times higher than the 15% GP coated surface. Up to
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Fig. 4 Average surface temperature rise vs at different intervals of time a 15% GP (Vol.) b 17.5%
GP (Vol.) c 20% GP (Vol.) d 22.5% GP (Vol.) e 25% GP (Vol.) f 27.5% GP (Vol.)
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Fig. 5 Average surface temperature versus different dosages rate of GP (Vol.) a 10 V b 20 V c
30 V

22.5% of GP dosages, the temperature distribution on the coating surface was almost
uniform, and did not observe any spot extreme heating. Whereas the GP contents at
25 and 27.5% increased surface heat extremely at some spots and somewhere left
unheated areas due to converted small fraction of electrical energy to heat energy.
Figure 5 shows the relative standard error for 25 and 27.5% higher than the nearest
points. Variation of heat concentration at different coating points occurred due to
the lack of uniform electrical resistivity of the coating layer that occurred by uneven
dispersion of GP.

Above 22.5% of GP contents in the composite, GP is intended to agglomerate
in the composite; however, it is complicated to obtain natural characteristics of the
GP higher ranges in a small specimen. As seen in Figs. 4 and 5, using the explained
composite mixing method of this study, the optimum dosage of GP % (Vol.) greater
than 15% and less than 22.5% is considered significant regarding the resistive heating
capacity and distribution of heat on the coated surface.

The desirable performance observed GP contains at 20% and 22.5% (Vol.) in the
GP-WPU composite regarding average surface temperature rising and even distri-
bution of heat generation. These are attributed to the absence of GP agglomeration,
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good dispersion of GP through the matrix, and attained lower resistive zones; there-
fore, the heat distribution was more even by the time. Whereas the coated surface
contained greater than 22.5%, the heating distribution was not uniform by the time
interval, attributed to increased heat concentration at some points. The GP agglom-
erated and cannot disperse heat to the nearest point since the lack of good dispersion
and continuous heat distribution was more non-uniform by the time. In future, need
to experiment with other conductive coating properties such as skid resistance and
durability.

5 Conclusion

Electrically conductive coating composites with GP and WPU were prepared with
the different volume fractions of GP and applied to the wood and concrete surfaces.
After that, this study investigated properties of prepared specimens such as surface
resistivity, average surface heating, and heat distribution on the coated area. When
GP contains above 7.5%, the coating composite turns insulator to semiconductor,
and surface resistivity was abruptly reduced while adding greater than 12.5% GP.
Above 22.5% GP dosage rate has tended to agglomerate and started to increase
viscosity, and above 27.5% of GP incorporation made it very tough to apply on the
surface. The resistive heating test was performed at 30 V on the wood substances
for 5 min for selecting the appropriate dosages rate of GP. Later 10, 20, and 30
AC voltages connected with the coated concrete specimen for 30 min, containing
above 15% of GP, started to show heating ability and heating capacity intended
to rise while increasing the volume percentage of GP. Whereas, above 22.5% of
GP incorporation, the heating distribution was noticed uneven during increasing
time interval and voltage. The desirable performance was found at 20 and 22.5%
GP volume, which is evaluated regarding average surface temperature rise and heat
distribution capacity.

References

1. Andreoli E, LiaoKS,CriciniA, ZhangX, Soffiatti R, ByrneHJ, Curran SA (2014)Carbon black
instead of multiwall carbon nanotubes for achieving comparable high electrical conductivities
in polyurethane-based coatings. Thin Solid Films. https://doi.org/10.1016/j.tsf.2013.11.047

2. Arabzadeh A, Ceylan H, Kim S, Gopalakrishnan K, Sassani A (2016) Superhydrophobic coat-
ings on asphalt concrete surfaces: toward smart solutions for winter pavement maintenance.
Transp Res Rec. https://doi.org/10.3141/2551-02

3. Arabzadeh A, Ceylan H, Kim S, Gopalakrishnan K, Sassani A, Sundararajan S, Taylor
PC, Abdullah A (2017) Influence of deicing salts on the water-repellency of portland
cement concrete coated with polytetrafluoroethylene and polyetheretherketone. In: Airfield
and highway pavements 2017: pavement innovation and sustainability—proceedings of the
international conference on highway pavements and airfield technology 2017. https://doi.org/
10.1061/9780784480946.020

https://doi.org/10.1016/j.tsf.2013.11.047
https://doi.org/10.3141/2551-02
https://doi.org/10.1061/9780784480946.020


Initial Investigation of a More Sustainable Method for Constructing … 105

4. Ceylan H, Arabzadeh A, Sassani A, Kim S, Gopalakrishnan K (2017) Innovative nano-
engineered asphalt concrete for ice and snow controls in pavement systems https://doi.org/
10.14311/ee.2016.388

5. Chen, Y, Wang Y, Su T, Chen J, Zhang C, Lai X, Jiang D et al (2019) Self-healing polymer
composites based on hydrogen bond reinforced with graphene oxide. ESMater Manuf. https://
doi.org/10.30919/esmm5f214

6. Choi S, Kim K, Nam J, Shim SE (2013) Synthesis of silica-coated graphite by enolization
of polyvinylpyrrolidone and its thermal and electrical conductivity in polymer composites.
Carbon. https://doi.org/10.1016/j.carbon.2013.04.034

7. Chu H, Zhang Z, Liu Y, Leng J (2016) Silver particles modified carbon nanotube
paper/glassfiber reinforced polymer composite material for high temperature infrared stealth
camouflage. Carbon. https://doi.org/10.1016/j.carbon.2015.11.036

8. Cong P, Peijun Xu, Chen S (2014) Effects of carbon black on the anti aging, rheological and
conductive properties of SBS/Asphalt/Carbon black composites. Constr Build Mater. https://
doi.org/10.1016/j.conbuildmat.2013.11.061

9. Das A, Hayvaci HT, Tiwari MK, Bayer IS, Erricolo D, Megaridis CM (2011) Superhy-
drophobic and conductive carbon nanofiber/PTFE composite coatings for EMI shielding. J
Colloid Interface Sci. https://doi.org/10.1016/j.jcis.2010.09.017

10. DuH,Yuhua Z, LiQ,Wang J, KangM,WangX,XiangH (2008) Synthesis and characterization
of waterborne polyurethane adhesive from MDI and HDI. J Appl Polym Sci. https://doi.org/
10.1002/app.28805

11. Golovin K, Boban M, Mabry JM, Tuteja A (2017) Designing self-healing superhydrophobic
surfaces with exceptional mechanical durability. ACS Appl Mater Interfaces. https://doi.org/
10.1021/acsami.6b15491

12. Han C, Yu X(B) (2018) An innovative energy pile technology to expand the viability of
geothermal bridge deck snow melting for different United States Regions: computational
assisted feasibility analyses. Renew Energy. https://doi.org/10.1016/j.renene.2018.02.044

13. Kale MB, Zhen Luo Xu, Zhang DD, Divakaran N, Mubarak S, Lixin Wu, Ying Xu (2019)
Waterborne polyurethane/graphene oxide-silica nanocomposites with improved mechanical
and thermal properties for leather coatings using screen printing. Polymer. https://doi.org/10.
1016/j.polymer.2019.02.055

14. Kargarzadeh H, Mariano M, Huang J, Lin N, Ahmad I, Dufresne A, Thomas S (2017) Recent
developments on nanocellulose reinforced polymer nanocomposites: a review. Polymer. https://
doi.org/10.1016/j.polymer.2017.09.043

15. Lee BO, Woo WJ, Park HS, Hahm HS, Wu JP, Kim MS (2002) Influence of aspect ratio and
skin effect on EMI shielding of coating materials fabricated with carbon nanofiber/PVDF. J
Mater Sci. https://doi.org/10.1023/A:1014970528482

16. Lee CY, Bae JH, Kim TY, Chang SH, Kim SY (2015) Using silane-functionalized graphene
oxides for enhancing the interfacial bonding strength of carbon/epoxy composites. Compos A
Appl Sci Manuf. https://doi.org/10.1016/j.compositesa.2015.04.013

17. Lei L, Zhong L, Lin X, Li Y, Xia Z (2014) Synthesis and characterization of waterborne
polyurethane dispersionswith different chain extenders for potential application inWaterborne.
Ink Chem Eng J. https://doi.org/10.1016/j.cej.2014.05.044

18. Liu K, Huang S, Wang F, Xie H, Xueyuan L (2017) Energy consumption and utilization rate
analysis of automatically snow-melting system in infrastructures by thermal simulation and
melting experiments. ColdReg Sci Technol. https://doi.org/10.1016/j.coldregions.2017.03.009

19. LuX, LiuH,MurugadossV, Seok I, Huang J, Ryu JE,GuoZ (2020) Polyethylene glycol/carbon
black shape-stable phase change composites for peak load regulating of electric power system
and corresponding thermal energy storage. Eng Sc. https://doi.org/10.30919/es8d901

20. Ma PC, Siddiqui NA, Marom G, Kim JK (2010) Dispersion and functionalization of carbon
nanotubes for polymer-based nanocomposites: a review. Compos A Appl Sci Manuf. https://
doi.org/10.1016/j.compositesa.2010.07.003

21. Nahvi A, Sadoughi MK, Arabzadeh A, Sassani A, Chao H, Ceylan H, Kim S (2019) Multi-
objective bayesian optimization of super hydrophobic coatings on asphalt concrete surfaces. J
Comput Des Eng. https://doi.org/10.1016/j.jcde.2018.11.005

https://doi.org/10.14311/ee.2016.388
https://doi.org/10.30919/esmm5f214
https://doi.org/10.1016/j.carbon.2013.04.034
https://doi.org/10.1016/j.carbon.2015.11.036
https://doi.org/10.1016/j.conbuildmat.2013.11.061
https://doi.org/10.1016/j.jcis.2010.09.017
https://doi.org/10.1002/app.28805
https://doi.org/10.1021/acsami.6b15491
https://doi.org/10.1016/j.renene.2018.02.044
https://doi.org/10.1016/j.polymer.2019.02.055
https://doi.org/10.1016/j.polymer.2017.09.043
https://doi.org/10.1023/A:1014970528482
https://doi.org/10.1016/j.compositesa.2015.04.013
https://doi.org/10.1016/j.cej.2014.05.044
https://doi.org/10.1016/j.coldregions.2017.03.009
https://doi.org/10.30919/es8d901
https://doi.org/10.1016/j.compositesa.2010.07.003
https://doi.org/10.1016/j.jcde.2018.11.005


106 M. Anis and M. Abdel-Raheem

22. Ruan K, Guo Y, Tang Y, Zhang Y, Zhang J, He M, Kong J, Junwei G (2018) Improved thermal
conductivities in polystyrene nanocomposites by incorporating thermal reduced graphene
oxide via electrospinning-hot press technique. Compos Commun. https://doi.org/10.1016/j.
coco.2018.07.003

23. Sassani A, Arabzadeh A, Ceylan H, Kim S, Gopalakrishnan K, Taylor PC, Nahvi A (2019)
Polyurethane-carbon microfiber composite coating for electrical heating of concrete pavement
surfaces. Heliyon. https://doi.org/10.1016/j.heliyon.2019.e02359

24. Slobodian P, Riha P, Benlikaya R, Svoboda P, Petras D (2013) A flexible multifunctional sensor
basedon carbonnanotube/polyurethane composite. IEEESens J. https://doi.org/10.1109/JSEN.
2013.2272098

25. Tiwari MK, Bayer IS, Jursich GM, Schutzius TM, Megaridis CM (2010) Highly liquid-
repellent, large-area, nanostructured poly(vinylidene fluoride)/Poly(Ethyl 2-Cyanoacrylate)
composite coatings: particle filler effects. ACS Appl Mater Interfaces. https://doi.org/10.1021/
am900894n

26. Wen S, Chung DDL (2006) The role of electronic and ionic conduction in the electrical
conductivity of carbon fiber reinforced cement. Carbon. https://doi.org/10.1016/j.carbon.2006.
03.013

27. Wu S, Mo L, Shui Z, Chen Z (2005) Investigation of the conductivity of asphalt concrete
containing conductive fillers. Carbon. https://doi.org/10.1016/j.carbon.2004.12.033

28. Xie N, Shi X, Feng D, Kuang B, Li H (2012) Percolation backbone structure analysis in
electrically conductive carbon fiber reinforced cement composites. Compos B Eng. https://doi.
org/10.1016/j.compositesb.2012.02.032

29. Yang Z, Wang Q (2011) A simple approach to measure the surface resistivity of insulating
materials. In: IECONProceedings (Industrial ElectronicsConference). https://doi.org/10.1109/
IECON.2011.6119630

30. Zhao J, Zhou T, Zhang J, Chen H, Yuan C, ZhangW, Zhang A (2014) Synthesis of a waterborne
polyurethane-fluorinated emulsion and its hydrophobic properties of coating films. Ind Eng
Chem Res. https://doi.org/10.1021/ie5040732

https://doi.org/10.1016/j.coco.2018.07.003
https://doi.org/10.1016/j.heliyon.2019.e02359
https://doi.org/10.1109/JSEN.2013.2272098
https://doi.org/10.1021/am900894n
https://doi.org/10.1016/j.carbon.2006.03.013
https://doi.org/10.1016/j.carbon.2004.12.033
https://doi.org/10.1016/j.compositesb.2012.02.032
https://doi.org/10.1109/IECON.2011.6119630
https://doi.org/10.1021/ie5040732


Investigating the Financial Feasibility
of Energy-Efficient Appliances Used
in Homes

M. Abdel-Raheem, M. Garcia, and M. Pruneda

1 Introduction

The residential sector accounts for 21%of all energy consumption in theUnitedStates
[18]. In single-family detached homes, approximately 46% of energy consumption is
used by refrigeration, lighting, water heating, and other energy-consuming uses [18].
Figure 1 shows a detailed breakdown of energy use in various residential types. As
concerns regarding greenhouse gas emissions grow many homeowners are looking
towards energy efficient appliances to reduce their primary energy consumption with
the added benefit of reduced recurring costs in energy bills.

Programs such as Energy Star provide a label indicating energy efficiency for
appliances found to be operating within a defined standard of energy consumption.
The costs of efficient appliances are, on average, higher than their traditional (non-
efficient) counterparts.Homeownersmayhesitate at the higher initial cost andwonder
if the accrued savings from lower energy bills can really offset the initial cost of
efficient appliances.

The application of the economic method of life-cycle cost analysis (LCCA) is
useful in the application of determining the costs associated with projects and their
alternatives. LCCA can draw multiple conclusions about the cost effectiveness of
various project alternatives such as the total costs associated with project alternatives
over a specified period of several years, how long it takes accrued savings to offset
initial investment costs, and several other measures. Therefore, LCCA is useful in
determining the cost effectiveness of traditional versus energy efficient appliances.

Using requirements and definitions provided in publications from federal govern-
ment offices and programs such as the FEMP (Federal EnergyManagement Program)
this research will determine the input parameters necessary to complete an LCCA
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Fig. 1 A bar chart detailing energy use consumption in various dwelling types in 2015 [18]

concerned with the costs associated with energy efficient appliances. The ultimate
outcome of the presented research is to present a framework that can be utilized
in assessing the financial feasibility of energy efficient appliances versus traditional
appliances.

2 Literature Review

The papers contained within the following literature review are concerned with the
concept of LCCA and its application in green building, energy efficiency and energy
conservation.

This literature review is divided into three subsections, which are: (1) standards
and techniques of LCCA, (2) the application of LCCA in green building and product
selection, and (3) energy efficiency and energy conservation.

2.1 Standards and Techniques of LCCA

Life-cycle cost analysis (LCCA) is a financial method of evaluating a proposed
project and its alternatives to draw conclusions about the cost effectiveness of all
considered options [4]. The FEMP’s (Federal Energy Management Program) publi-
cation on LCCA defines the required input parameters for a LCCA as requiring the
following: starting date, service date, study period, treatment of inflation, discounting
convention, and energy escalation rates [5]. In addition to these parameters, a bevy of
cost data is necessary such as: investment costs, operating costs (not including cost
of energy consumption), maintenance costs, energy usage costs, replacement costs,
and residual values [6]. LCCA considers the costs incurred throughout the study
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period and makes predictions about future costs using cost data that is of importance
to investors and decision makers [15].

The capital output of the LCCA analysis is the life-cycle cost (LCC). Secondary
to this are the numerous supplementary measures which are used to verify the LCC
findings as well as add depth to the LCC finding by detailing various aspects of
the cost relationships. The “supplementary measures are net savings (NS), savings-
to-investment ratio (SIR), adjusted internal rate of return (AIRR), and discounted
payback (DPB)” [6]. As life-cycle cost analyses often span many years, this leaves
a lot of opportunity for uncertainty in the estimations made by these calculations.
LCC is a calculation based on both actual and estimated values which introduces
uncertainty, or a source of possible error, into the calculations. This uncertainty may
be thought of as an indicator of quality of the data used [16].

2.2 The Application of LCCA in Green Building and Product
Selection

LCCA is especially useful in the application of evaluating green building projects,
as they tend to be more expensive initially but with reduced future costs (such as
reduced utility bill costs). Approximately 52% of homeowners responding to a 2010
University of Nebraska survey stated they would not be able to afford efficiency
upgrades to their home [12]. Conversely, there have been other studies that show
the premium associated with green or otherwise efficient building practices may be
relatively low. Fuerst [3] found that green building could cost only about 2–10%
more. Glossner et al. [7] reported that homes with a LEED silver rating were able
to recoup their investments in less than 30 years. Furthermore, LCCA has been
utilized to evaluate “zero-energy” housing in Australia [10]. The sensitivity analysis
conducted byMoore andMorrissey found that by varying key assumptions in the life-
cycle costing procedures, zero energy housing could be attained with no additional
initial costs as compared to a base case [10]. Another Australian study utilized LCCA
to evaluate the use of timber materials in residential building applications to meet
green building requirements laid out by the Green Star rating program; this study
determined that Radiata Pine was the most cost-effective timber material in nearly
all applications except for structural where it was only marginally outperformed by
Hoop Pine [17].

In fact, LCCA is so flexible that it may even be applied to the minutiae of product
selection as detailed in a literature review conducted in Cabeza et al. [1]. LCCA has
been used extensively to evaluate flooring choices. A 2017 study details the devel-
opment of an algorithm created with the intent of informing decisionmakers about
the associated costs of various flooring products [8]. This study found that modular
carpet had the lowest life-cycle costs in all considered cost aspects [8]. However, a
2013 study in Australia found that timber floors were the most cost-effective [20].
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A Swedish study also found that wood flooring performed most favorably when
evaluating environmental impacts [9].

2.3 Energy Efficiency and Energy Conservation

As global populations continue to grow, the demand for energy will continue to
increase. There is an inverse relationship between energy supply and demand. As
forms of energy, such as coal or fossil fuel start to grow scarce, the cost will expo-
nentially increase as an effect [19]. Energy efficiency and energy conservation are
important practices that can decrease energy consumption and allow for dwindling
supplies of non-renewable energy sources to be conserved and provide future energy
security. Energy conservation is best described as practices/steps that promote using
less energy to minimize energy consumption [14]. The purpose of energy efficiency
is to use alternative products that consume less energy than those commonly used,
such as replacing the traditional, incandescent lightbulb with LED lights.

Over time, energy efficiency has created improvements that have reduced energy
use through channels such as efficiency policies, programs, and technologies such as
theEnergyStar program.Consuming energywith greater efficiency, in turn, improves
economic productivity and is a fundamental resource for successful economic well-
being [11]. According to Nadel et al. [11] methods for practicing energy efficiency
are: (1) the continued optimization of energy-consuming systems, (2) pre-planning to
avoid excessive energy loads, (3) promoting generation efficiency, and (4) educating
the public on energy efficient behaviors.

If America’s adoption of energy efficient technologies continues to increase,
energy consumption could be reduced by approximately 17–22% in 2020 and 25–
31%by2030 [13]. To reduce energy consumption at this rate, it is crucial to remember
that the residential sectormakes up 21%of the total of energy consumption in theU.S.
[18]. Several methods have been utilized to accurately provide input from individual
households [13]. The ongoing education of homeowners has been encouraged by
providing homeowners with thorough electricity bills and recommended residential
practices such as: (1) self-reading meters, (2) interactive tools that allow residents
to visualize their energy consumption with ease, and (3) home displays that include
the ability to compare consumption records [13]. While the reduction of energy
consumption is difficult to accomplish, it is also a necessity [2] if we are to meet the
reduction in energy consumption estimates for 2030 [13].

3 Methodology

The methodology utilized by this research involved a review of the existing literature
about LCCA, energy conservation and efficiency, and the application of LCCA in
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green building projects and product selection. The literature review provided infor-
mation regarding the main parameters necessary to conduct a life-cycle cost analysis
[5]. Additionally, the literature provided direction in obtaining the discounting rate
and energy rate increases as well as the main outputs and supplementary measures
necessary for completing a LCCA [5]. This paper’s foci are the description of the
cash flow model and presenting an aggregation of the cash flow parameters, outputs,
and supplementary measures.

4 Model Development

LCCA is dependent upon several different input parameters (cost data, time data,
and rates), assumed values (average energy consumption of residents), and equations
(life-cycle costs, net savings, and other supplementary measures). Each of these will
be discussed in detail within their own respective subsection.

4.1 Study Parameters

The various NIST (National Institute of Standards and Technology) guidelines for
performing an LCCA are contained and defined within the following subsections.

4.1.1 Cost Data

The bulk of LCCA is concerned with cost data. LCCA handles two types of cost
data: (1) initial or one-time costs, and (2) recurring costs. Initial costs occur at the
beginning of the project and only occur once in the study period. In the case of the
study of energy efficient appliances, the initial cost will be the cost of purchase and
installation of all appliances, whether efficient or traditional. Recurring costs are
costs that occur multiple times along the cash flow diagram. Recurring costs may
be operation and maintenance costs (OM&R), and replacement costs. OM&R are
the costs required of the daily use and upkeep of appliances, excluding energy costs.
Each appliance and fixture considered in this study has a unique useful life, after
which it would be disposed of and a replacement would be bought. Considering this,
the residual or scrap value that the appliances and fixtures retain at the end of their
useful life should be accounted for with straight-line depreciation. Lastly, the utility
bill associated with energy consumption is another recurring cost. From the point of
view of the consumer, the utility costs may be the most important recurring cost as
it may be the most expensive.
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4.1.2 Rates

There are two rates used for creating an accurate LCCA, (1) nominal discount rate,
and (2) energy rate increase. The nominal discount rate is used as the interest rate in
the equations for calculating the life-cycle costs as well as all other supplementary
measures. This is the nominal discount rate for the base year, this value is easily
obtained from FEMP publications. The energy escalation rate is used to account for
the increase in utility rates across the study period, the energy escalation rate may be
retrieved from the NIST “Energy Price Indices and Discount Factors for Life-Cycle
Cost Analysis” publication and from the FEMP’s Energy Escalation Rate Calculator
(EERC).

4.1.3 Time Data

Because LCCA deals chiefly with money, the study must also ensure that the time-
value of money is accounted for. There are various aspects of time that are involved
with a LCCA such as (1) base date, (2) study period, and (3) service period. The
base date is the start of the project and is the point in time that all project costs are
discounted to [5]. The study period is the length of time that costs related to a project
and its alternatives are of interest to the decision maker [5]. For a FEMP LCCA, the
maximum study period is 25 years. The service period is the period of time that costs
associated with daily operations occur. These costs generally begin after the service
date, which may also be thought of as the date of occupancy. In other words, this is
the period of time in which the recurring costs take place. Likewise, the maximum
service period in a FEMP LCCA is 25 years.

4.2 Assumptions

Whilemost studyparameter data is concrete, one aspectmay remainnebulous- energy
consumption. Determining the average amount of residential energy consumption
per month over a period of many years is difficult without extensive surveying. The
energy consumption in a study such as this may need to be estimated via home energy
use calculators from the FEMP or from estimates provided by the appliance manu-
facturer.When it comes to energy-efficient appliances, particularly Energy Star rated
appliances, the average annual energy use can be easily obtained from the Energy
Star EnergyGuide, which appliance manufacturers are required to provide. From
the information provided on the EnergyGuide label, monthly energy consumption
amounts may be easily derived.
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4.3 Equations

In order to calculate the life-cycle costs and supplementarymeasures, LCCAemploys
the use of many economic equations. Each equation will be defined in the following
respective subsections.

4.3.1 Life-Cycle Cost

The first output of an LCCA is the life-cycle cost (LCC), this is the cost of purchasing,
operating, replacing, and the discarding of a project and its alternatives over the
entirety of the study period. The equation used for determining this cost is as follows:

LCC = I + Repl − Res + E + OM&R (1)

As shown in Eq. 1, the LCC is best summarized as a sum of all project costs minus
any residual values that occur throughout the lifetime of a project. The first item in
Eq. 1 is the ‘I’ value, this is the principal or initial investment cost of the project and
occurs at time zero on the cash flow. If the initial investment cost occurs at time zero
on the cash flow it does not need to be discounted to present-value. The second value
‘Repl’ is all replacement costs that happen over the lifetime of the project that have
been discounted to present-value. The ‘Res’ value is the one piece of cost data that
must be subtracted from all other values. ‘Res’ is equal to the present-worth of any
residual value that is retained by appliances at the end of the project’s study period.
Residual values are generally determined using a straight-line depreciation basis.
‘E’ is the present-value of the monthly recurring cost of energy use, or the energy
utility bill. ‘E’ must be discounted to present-value using a uniform gradient series
to ensure an accurate present-value estimation. The final value ‘OM&R’ is equal to
the present-worth of any operating costs that are not the cost of energy, maintenance
and repair costs incurred over the lifetime of the project.

4.3.2 Supplementary Measure: Net Savings

Net savings is used to verify the findings of the LCC output andmeasures the present-
value costs against the present-value benefits of a project to determine economic
performance [5].

Net Savings between project alternatives may be found simply using Eq. 2:

NSA:BC = [�E + �OM&R]− [
�Io + �Repl − �Res

]
(2)

Net savings measures the savings accrued by a proposed project alternative rela-
tive to a base case. Notably, Eq. 2 is composed of two parts: the first sums the savings
of a project alternative relative to a base case, and the second is a sum of additional
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costs required by the project alternative. ‘ΔE’ is the savings in energy costs that
can be attributed to the project alternative and ‘ΔOM&R’ is the savings in operating,
maintenance, and repair costs. Both ‘ΔE’ and ‘ΔOM&R’ can be found by subtracting
the present-value of energy orOM&Rcosts of the base case from the present-value of
the respective parameter from the project alternative. In the second part of the equa-
tion ‘ΔI’ is the additional cost of investment as required by the project alternative.
‘ΔIo’ is found by subtracting the investment cost of the alternative from the invest-
ment cost of the base case. ‘ΔRepl’ is the additional cost of replacing appliances
and fixtures throughout the study period. ‘ΔRepl’ may be calculated by finding the
difference between the present-worth of the cost of replacements for the alternative
and the present-worth of the cost of replacements for the base case. ‘ΔRes’ is any
additional residual values attributable to the alternative and is calculated by finding
the difference between the alternative’s residual values and the base case’s residual
value as expressed in present-value dollars.

4.3.3 Supplementary Measure: Savings-To-Investment Ratio

The savings-to-investment ratio (SIR) is another measure of economic performance
and is a variation of the benefit–cost ratio [5]. SIR is an expression of the relationship
of savings to investment. When a project or alternative has a SIR value greater than
or equal to 1, it is generally considered to have a preferred economic performance.
SIR may be calculated using Eq. 3:

SIRA:BC= �E + �OM&R

�Io+�Repl − �Res
(3)

SIR measures the ratio of savings against investments of the alternative relative
to the base case. ‘ΔE’ and ‘ΔOM&R’ are the present-worth of the savings of energy
and OM&R costs. These values are calculated in the same way as they are for
the net savings measure. ‘ΔIo’, ‘ΔRepl’, and ‘ΔRes’ are the present-value of the
additional cost of investment, replacement and additional residual value of appliances
and fixtures respectively. These values are calculated in the same manner as for the
net savings analysis.

4.3.4 Supplementary Measure: Adjusted Internal Rate of Return

AIRR (Adjusted Internal Rate of Return) measures the annual percent yield from
the project’s investment over the length of the study period [5]. AIRR is a relative
measure, so anyproject and alternatives consideredmust use the samebase date, study
period, and discount rates. A caveat of using AIRR is that the project or alternative
with the highest AIRR may not necessarily be the project or alternative with the
lowest life-cycle cost. AIRR may be found using Eq. 4:
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AIRR = (1 + r) (SIR)1/ N − 1 (4)

Equation 4 utilizes the SIR value as detailed in the previous section. The value
of ‘r’ is equal to the discount rate used for determining the LCC, this may also be
referred to as the reinvestment rate in some publications. The value for ‘N’ is the
length of the study period in years.

4.3.5 Supplementary Measure: Discounted Payback

Payback is used to determine how long it takes accrued savings to “pay back”
the initial investment. While there are two measures of payback—Simple and
Discounted—discounted payback is the preferred method as it requires all cash
flows to be discounted to present-value dollars. Please note that payback is most
generally used to identify the benefits of a project alternative where one is clearly
more economical than the other [5]. Payback is useful as a supplementary measure
for projects where there is uncertainty regarding the project’s useful life.

Payback may be found using the following equation:

y∑

t = 1

[�Et+�OM&Rt − �Replt+�Rest]
(1 + d)t

≥ �Io (5)

In Eq. 5, ‘�Et’ and ‘ΔOM&R’ are the present-worth savings in the cost of energy
andOM&Rat time ‘t’. ‘ΔRest’ is the difference in the present-value of residual values
in year ‘t’ and ‘ΔReplt’ is the difference in the cost of replacements in year ‘t’. ‘ΔIo’
is the additional investment cost and ‘d’ is the discount rate used for determining the
LCC.

4.4 Cash Flow Diagram

Cash flow diagrams are used in financial problem solving. The following illustration
is a cash flow diagram created for the problem stated in this paper. These diagrams
generally have arrows indicating the direction of cashflow as it occurs along the
project timeline. Downward facing arrows indicate cash outflow, or cash spent over
the project’s lifetime. Initial investment cost is represented by a single downward
pointing arrow at the beginning of the project timeline. Replacement cost is shown
as the downward facing black arrow occurring at N years from the start of the project,
this is because the useful life of appliances is not stated explicitly in this study. The
final cash outflow is the cost of energy usage, represented by an upward trending blue
line. The cost of energy usage increases along the project timeline and is accounted
for in the calculations using the energy escalation rate. Upward pointing arrows
indicate cash inflow, or cash received from the project. In the case of this diagram,
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Fig. 2 A general form cash flow diagram depicting the inflows and outflows of cash occurring in
a LCCA

the residual value is shown as a red arrow representing the cumulative retained value
of all appliances that have not yet reached the end of their useful life at the end of
the study period (Fig. 2).

5 Discussion

Each output and supplementary value calculated in the LCCA will be discussed in
detail within its respective subsection.

5.1 Life-Cycle Costs

When all present-value costs of a project across its study period are summated the
result is a value known as the life-cycle cost (LCC). The project alternative with the
lowest LCC is considered themost cost-effective option. All project alternativesmust
utilize the same input parameters such as base date, study and service periods, and
discount rates so that they may be directly compared to one another. Supplementary
measures may be used to verify LCC findings.

5.2 Supplementary Measure: Net Savings

Net Savings is a technique used to evaluate the economy of a project and is derived
from the Net Benefits technique. Unlike the Net Benefits that measures the relation-
ship between costs and benefits, Net Savings measures the expected accumulated
savings from a project over the full length of its study period. Net Savings with
values greater than 0 are considered cost-effective, the project with the highest Net
Savings will be the same project with the lowest LCC value. Net Savingsmay only be
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calculated in respect to a designated “base case” because it is a relative performance
measure.

5.3 Supplementary Measure: Savings-To-Investment

SIR is similar to the cost–benefit ratio used to measure the economy of project
alternatives. Like the Net Savings measure, SIR is a relative performance measure
and must be calculated relative to a base case. SIR’s with values greater than 1 are
considered cost-effective. It should be noted that the project alternative with the
highest SIR is not necessarily the same project with the lowest LCC. SIR cannot be
used to choose between mutually exclusive project alternatives.

5.4 Supplementary Measure: Adjusted Internal Rate
of Return

AIRRmeasures the annual percentage yielded from the initial investment in a project
alternative. LikeSIRandNetSavings,AIRR is a relative performancemeasure.AIRR
is compared against the discount rate used in the LCCA. Economy of a project
alternative is measured by how high the AIRR is to the project discount rate, if
AIRR is higher than the discount rate the project is economical, if it is lower, it is
not economical. Like SIR, AIRR should not be used to choose between mutually
exclusive project alternatives.

5.5 Supplementary Measure: Payback

The payback supplementary measure determines the period of time required for
accumulated savings to offset the cost of initial investment. Payback is generally
expressed in years but may also be expressed in months depending on the length of
the study period. Payback, like AIRR and SIR, should not be used tomake a selection
amongst mutually exclusive projects.

5.6 Statement of Limitations

As this research presents only a framework or preliminary guide for conducting a
LCCA that can be applied to energy efficient home appliances there is no analysis
performed and therefore no conclusions drawn about the financial feasibility of these
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efficient appliances. This research also makes references to U.S. government publi-
cations and limits an immediate or direct application to international applications
and must be adjusted accordingly.

6 Conclusion

With concerns of sustainability rising among the general population, the reduction
of energy consumption is one way of conserving and preserving natural resources as
well as lowering monthly energy bills for homeowners.

LCCA is an extremely useful method of evaluating products, and projects. By
using cost data that is important to investors and decision makers, the calculation
of life-cycle costs can clearly illustrate the total cost associated with a particular
project and its proposed alternatives. Additionally, LCCA has found a niche in the
evaluation of green building design. By utilizing the LCCA technique, an evaluation
can be made about the financial feasibility of energy efficient residential appliances.
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Economic Analysis of Water Efficient
Appliances and Fixtures
in the Residential Sector

M. Garcia, M. Abdel-Raheem, and B. Hernandez

1 Introduction

Only 0.5% of the freshwater on earth is readily available in the form of surface water
and accessible groundwater [2]. Therefore, it is important to aid in the conservation
of this natural resource, especially as water scarcity becomes an increasing threat
in countries around the globe. The best way of conserving this asset is reducing its
consumption. In addition to behavioral changes such as flushing less often and turning
the faucet off while washing dishes, the employment of water efficient appliances
can aid in the reduction of water consumption.

The United States Environmental Protection Agency (EPA) launched the
WaterSense program that aims to reduce water consumption through water
consciousness campaigns as well as offering a label to appliances and fixtures oper-
ating within certain standards. However, for many looking to incorporate these appli-
ances and fixtures into their homes to help reduce their water consumption, the initial
costs of these products may cause some hesitation. Despite the promise of future
savings in water bills, the temptation to save money at the time of purchase may
persuade consumers to opt-out of the water efficient products.

Life-cycle cost analysis (LCCA) is an economic technique that is helpful in deter-
mining whether a higher initial investment may be recouped by reduced future recur-
ring costs. By examining various points of cost data, LCCA canmake determinations
such as net savings, cost–benefit ratio, as well as payback periods to better inform
consumers on all costs across the lifespan of a product. LCCA is rooted in sustain-
ability measures, as it was first used by the United States government to evaluate
cost savings from water and energy conservation techniques.
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This research aims to determine the necessary parameters for determining the
financial feasibility of water efficient appliances and fixtures used in the residential
sector to reduce the consumption of water. Using guidelines from the Federal Energy
Management Program (FEMP) from the U.S. Department of Energy, this research
will provide a framework for performing an LCCA on water efficient products.

2 Literature Review

The works presented in this review all deal with the topic of conducting LCCA,
water conservation and efficiency, and the applications of LCCA on green building,
sustainability measures, or otherwise water-efficient alternatives to a traditional
project.

The literature review is subdivided into three sections as to keep related topics
together. The sections are as follows: (A) LCCA Standards and Techniques, this
section contains information on the process, requirements, and various techniques
of conducting a LCCA. The information contained in this section is sourced from
a variety of federal and state government publications. (B) Water Efficiency and
Conservation, this section reviews literature regarding water-efficiency practices,
topics regarding water conservation, and water consumption habits in the U.S. (C)
Application of LCCAonResidentialGreenBuilding, the final section of the reviewed
literature contains the collected works centered on LCCA applied to residential green
building projects.

2.1 LCCA Standards and Techniques

The use of LCCA in the government was first brought about by Sect. 4.1 of Executive
Order 13,123, for evaluating products, services, construction, and other investments
to lower the federal government’s spending as well as reducing water and energy
consumption [7]. LCCA is useful in the comparison of design alternatives that have
differing initial and recurring costs (such as operating costs, or costs of utility bills),
and can help decision makers determine which alternative to choose based on the net
savings [8]. The primary output value of the LCCA is the life-cycle cost [8]. Life-
cycle costs (LCC) are defined as “the sum of present-values of investment costs,
capital costs, installation costs, energy costs, operating costs, maintenance costs, and
disposal costs over the life-time of the project, product, or measure” [19].

Apart from the LCC output there are various supplementary measures that are
calculated in to add nuance and determine the validity of the LCC output. These
“supplementarymeasures are the net savings (NS), savings-to-investment ratio (SIR),
adjusted internal rate of return (AIRR), and the discounted payback (DPB)” [8]. Some
publications discuss the treatment of uncertainty in LCCA, citing that because these
studies often encompass several years that the analysis leavesmuch room for variation
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in the estimates. LCCA uses estimated or average values as input, therefore output
quality can only be as accurate as the quality of the input data (Stanford University
[18].

LCCA is exceptionallywell suited to being applied to evaluating building projects.
Considering the costs involved in initial investments, operating costs, and utility bills,
savings accrued from project alternatives may add up quickly and noticeably. LCCA
considers all the costs over the lifetime of a project and generates estimations of the
future costs and savings using cost information that is important to investors [17].

2.2 Water Efficiency and Conservation

With an increasing global population and therefore an increasing demand for potable
water, prioritizing water efficiency and conservation is more of a necessity than
ever before. It is important for humans to start developing short-term and long-term
measures that increase the supply of water while reducing its demand [16]. However,
resource shortages, aging infrastructure, and population growth has led governments
at local, state, and national levels to face utility budget cuts that require the adoption
of cost-efficient water conservation methods.

RatnaReddy [15] suggests that the adoption ofLCCAcould enhance the efficiency
and effectiveness of governmental budget allocations to appropriate departments.
In order to adopt this methodology, it would require the assessment of the cost
of water consumption supplies in an LCCA framework and the estimation of the
expenses of different cost components [6]. The average single-family in the United
States consume water both directly and indirectly through appliances and fixtures
that have been installed in their residence. Direct water consumption includes water
used to drink, cook, and shower, while indirect consumption is the water used in the
production of goods and services [20]. The amount of water consumed in a home is
dependent on several factors such as the number, age, and water use patterns of the
occupants, as well as the appliances and fixtures owned [3]. Additionally, as stated
by EPA, “the average U.S family uses approximately 300 gallons of water per day
at home”, 70% of this water consumption occurs indoors [4].

2.3 LCCA in Green Building and Product Selection

With the rise of efficient and other “green” alternatives has come the belief that
these alternatives are notably higher in cost than their traditional counterparts. In
the case of green building, this price tag may seem even higher. Niemeyer [14]
found that approximately 52% of respondents would not be able to afford energy-
efficient changes to their home on their own. However, other studies have found
that the cost premiums attached to green or efficient buildings can be relatively low.
Fuerst [5] found that the mark-up on green building costs could range from 2–10%.
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An evaluation of LEED (Leadership in Energy and Environmental Design) silver-
certified homes in Kentucky found that the cost of building and attaining a silver
LEED rating had a payback period of less than 30 years [9]. The use of LCCA to
evaluate green building design is not without precedent as it has been used to evaluate
zero-energy housing in Melbourne [13], as well as a Beijing office building [10].
Despite the high initial costs involved with green and sustainable building choices,
in the long run there may be notable benefits in terms of cost savings.

LCCA can also be applied to the process of product selection, a 2014 study
details multiple applications of LCCA in product selection [1]; LCCA has seen
heavy application in the topic of flooring choice. An Australian study evaluating
flooring alternatives used LCCA and found that timber floors were the most cost-
effective choice [21]. In 2017 an algorithmwas developed specifically for conducting
LCCAonflooring products, with the purpose of informing decision-makers about the
lifetime costs associated with different flooring types [11]. A study in Sweden using
LCCA to evaluate the environmental impact of flooring alternatives found wood to
be the best option [12].

3 Methodology

An extensive review of the literature was the first phase of the methodology of this
research. The literature included information on the published standards required to
complete anLCCA,ways thatLCCAhas been applied to areas such as sustainable and
green building, aswell as discussions ofwater conservation and efficiency. Necessary
information such as input parameters, data types, and equations for carrying out a
comprehensive LCCAwere retrieved from the review of the literature. The literature
also aided in identifying the output values and supplementary measures generated
by the LCCA process. Using the information collected from the literature, this report
provides a detailed description of the model used to conduct an LCCA and offers a
succinct aggregation of the outputs, supplementary measures, and parameters.

4 Model Description

The following subsections contain information regarding the required input param-
eters, cost data, assumed values, equations, and the cash flow used for conducting
an LCCA.
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4.1 Input Parameters

The LCCA technique requires many input parameters such as (1) cost data, (2) rates,
(3) time data, and (4) assumed values. Each will be discussed within this section.

4.1.1 Cost Data

In LCCA there are (1) initial costs and (2) recurring costs. Initial costs occur once on
the cash flow timeline, these costs are often the investment cost of the project, in the
case of this study: the purchase and installation of appliances and fixtures. Recurring
costs are those that occur multiple times within the study period. Recurring costs
may be costs associated with maintenance and repair, utility bills, and replacement
costs. Finally, the residual value of all appliances and fixtures should be accounted
for.

4.1.2 Rates

The first rate considered in an LCCA is the nominal discount rate. This value can be
obtained from FEMP or other government publications and is chosen based on the
base-year of the study. The nominal discount rate is used to account for interest in
many of the equations which calculates life-cycle costs and supplementarymeasures.
The second rate is the utility rate increase, water and sewer escalation rates will be
utilized to account for the increase of municipal water and sewage rates over the
lifetime of the study. These escalation rates are available from the FEMP publication,
“Water and Wastewater Annual Price Escalation Rates…”.

4.1.3 Time Data

LCCA is an accurate tool of estimation because it accounts for the time-value of
money, therefore there is time data that must be considered. The base date is the
point in time that all project costs are discounted to [7]. The base date can also be
thought of as the time at which the project “starts”. In the case of this research, base
date is the time after the purchase and installation of all appliances and fixtures. The
next piece of time data is the study period. The study period is the period of time for
which the costs are accumulated. For performing an LCCA to FEMP standards, the
FEMP recommends a study period of 25 years. Finally, there is the service period.
The service period is the period of time for which all costs associated with daily
operations take place. FEMP guidelines define the service period as 25 years.
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4.1.4 Assumed Values

In conducting an LCCA some values may not be as concrete as others. In particular,
water and sewage usage may be difficult to accurately ascertain because water usage
can be highly seasonal depending on the part of the country. Due to this variability,
water consumption values may need to be estimated with water usage calculators.

4.2 Equations

All equations required for calculating life-cycle costs and all supplementarymeasures
will be discussed within each subsection.

4.2.1 Life-Cycle Costs

The life-cycle cost (LCC) is the essence of the LCCA output. The LCC value is
verified by various supplementary measures that will be discussed within their own
subsections. The LCC is the total cost of a project over the entire study period
expressed in present-value dollars. LCC can be found using the following formula:

LCC = I + Repl − Res + W + S + OM&R (1)

Equation 1 is a summation of the present-value of all costs less any residual
values occurring along the cash flow of the study period. ‘I’ is the present-value of
the investment costs, also known as the principal; generally this cost occurs at time
zero on the cash flow and thus does not need to be discounted. ‘Repl’ is the present-
value of all replacements that occur during the study period. The one value that must
be subtracted in this equation is ‘Res’. This is the present-value of any residual values
retained by appliances and fixtures at the end of the study period. The parameters
‘W ’ and ‘S’ are the present-values of the monthly costs of water consumption and
sewage usage. It should be noted that ‘W ’ and ‘S’ must be discounted to present-
value by using a uniform gradient series. Finally, ‘OM&R’ is the present-value of all
operations, maintenance and repair costs occurring throughout the study period.

4.2.2 Supplementary Measure: Net Savings

Net savings is awayofmeasuring thefinancial performance of a project or alternative.
It measures the expected savings of a project or alternative in present-value dollars.
Net savings may be found using the following formula:

NSA:BC = [�W + �S + �OM&R] − [
�Io + �Repl − �Res

]
(2)
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Equation 2 measures the economy of a project alternative (subscript ‘A’) against
a base case (subscript ‘BC’). This equation has two parts, the first is a summation
of operational savings of the project alternative relative to the base case less the
additional investment costs of the alternative compared to the base case. ‘ΔW ’ and
‘ΔS’ is the savings in water and sewage utility bills that can be attributed to the
alternative. Both ‘ΔW ’ and ‘ΔS’ are found by subtracting the present-value of water
and sewage costs of the base case from the present-value of water and sewage costs
from the alternative. ‘ΔOM&R’ is the savings in operations, maintenance, and repair
and is found by finding the difference in the present-value OM&R costs between the
base case and the alternative. The second part of the net savings equation calculates
additional costs related to the alternative. ‘ΔI’ is the additional investment cost
required for the alternative as compared to the base case. The costs of additional
replacements attributable to the alternative is given as ‘ΔRepl’ and is found by
subtracting the present-value of the replacement costs incurred by the alternative from
the replacement costs associated with the base case. Finally, ‘ΔRes’ is the additional
residual values that can be attributed to the alternative. ‘ΔRes’ is determined by
subtracting the present-value of residual values of the alternative from the present-
value of residual values of the base case.

4.2.3 Supplementary Measure: Savings-To-Investment Ratio

The savings-to-investment ratio (SIR) is another measure of financial performance.
It expresses savings to investment costs (in present-value dollars) as a ratio. SIR may
be found using the following relationship:

SIRA:BC=�W + �S + �OM&R

�Io+�Repl − �Res
(3)

Equation 3 measures the ratio of savings to investments from the alternative
(subscript ‘A’) against a base case (subscript ‘BC’). ‘ΔW ’, ‘ΔS’, and ‘ΔOM&R’
are the present-value savings in water consumption, sewage usage, and operations,
maintenance, and repairs of the alternative relative to the base case, respectively.
‘ΔIo’, and ‘ΔRepl’ are the present-value additional costs attributable to the alterna-
tive relative to the base case. ‘ΔRes’ is the present-value of additional residual values
associated with the alternative.

4.2.4 Supplementary Measure: Adjusted Internal Rate of Return

Adjusted Internal Rate ofReturn (AIRR) is anothermeasure of financial effectiveness
that measures the yearly percentage yield from the initial investment that occurs over
the study period. AIRR can be found with the following formula:

AIRR = (1 + r) ∗ (SIR)1/ N−1 (4)
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Equation 4 uses the calculated ‘SIR’ value to determine the annual percentage
yield generated by the alternative. The ‘r’ value is the reinvestment rate which is
generally accepted to be the same as the discount rate used for the LCC. Finally, the
‘N’ value is equal to the length of the study period, generally expressed in years.

4.2.5 Supplementary Measure: Payback

Thefinal supplementarymeasure inLCCA is the payback period. The payback period
is the length of time it takes for the accrued savings to equal the initial investment
costs. An accurate LCCA should use the discounted payback period as it requires
that all costs and savings be discounted to present value. Payback can be found with
the following formula:

y∑

t=1

[�Wt + �St + �OM&Rt − �Replt + �Rest]
(1 + d)t

≥ �Io (5)

‘ΔWt’, ‘ΔSt’, and ‘ΔOM&Rt’ are the present-value savings of the cost of water,
sewage, andOM&Rinyear ‘t’, respectively. ‘ΔReplt’ is the difference in replacement
costs in year ‘t’ and ‘ΔRest’ is the difference in residual value in year ‘t’. The value
‘d’ is equal to the discount rate used in the LCC analysis, and ‘ΔIo’ is the additional
cost of investment [7].

4.3 Cash Flow Diagram

The cashflow diagram is illustrated below using a general form to illustrate cash
inflows and outflows associated with a LCCA. The initial investment cost is repre-
sented by the black arrow at t= 0 on the cash flow diagram.Water and Sewage usage
costs are shown as two upwardly sloping curves to represent the gradual increase
in water and sewage rates as the study period progresses. The replacement costs
are represented by the black arrow occurring at t = N years, as each appliance and
fixture will have its own lifespan, after which it will require a replacement. The initial
investment cost, water and sewage costs, and replacement costs are illustrated using
downward facing arrows to represent money spent over the study period, or cash
outflow. Finally, the residual value is represented by the red arrow pointing upwards.
The upwards arrow represents the retained value of the appliances and fixtures at the
end of the study period, or cash inflow.
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Fig. 1 An illustration of the cash flow diagram in its most basic form

4.4 Statement of Limitations

Finally, the limitations of this research should be discussed. This research is limited to
establishing a framework for conducting aLCCA that can be applied towater efficient
appliances and fixtures- it does not perform an analysis nor make conclusions about
the economy of water efficient appliances and fixtures. As of publication, the model
remains untested. Additionally, this paper is focused on the U.S. and references U.S.
federal publications for the sources of various financial rates (Fig. 1).

5 Discussion

In the following subsections each LCCA output value and its benefit to the analysis
will be discussed in detail.

5.1 Life-Cycle Costs

LCC is the primary andmost important output value of an LCCA. LCC is the compu-
tation of the present value of each cost that is incurred during the study period by
using the Department of Energy (DOE) discount rate then adding those values to
each alternative. When comparing various project alternatives, the alternative with
the lowest LCC is considered the most cost-effective for the application that is being
studied. In order for such accurate comparisons to be made all project alternatives
mustmeet the establishedminimumperformance requirements andmust use the same
base date, study period, service period and discount rate in their respective analysis.
The LCC output values can be verified with calculated supplementary measures.
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5.2 Supplementary Measure: Net Savings

Net Savings (NS) is a variation on the Net Benefits (NB) technique of measuring the
financial performance of a project. While the NB technique measures the difference
that exists between the present-value benefits and the present-value costs for the
study period, the NS technique measures the net value of money (in present-value
dollars) that a project is expected to save over the life of the study. TheNS is a relative
performance measure and can only be calculated in respect to a “base case”. When
comparing project alternatives, the project with the NS value greater than zero is
considered the most cost-effective. It should also be noted that the project alternative
with the highest NS will be the project with the lowest LCC [7].

5.3 Supplementary Measure: Savings-To-Investment

The Savings-to-investment ratio (SIR) is a variation of the cost–benefit ratio that
just as the NS approach, is a relative performance measure. The SIR is a calculation
that involves dividing the projected energy costs savings over the finance term by
the total cost of the assigned project (including financing, installation, and cost of
equipment).Overall, it is anothermeasure of economicperformance towards a project
alternative that demonstrates the existing relationship of the increased investment
cost and savings. A project with a SIR greater than 1 is considered cost-effective [7].
Please note that a project with the lowest LCC is not necessarily the project with
the highest SIR. SIR should also not be used to choose between mutually exclusive
alternatives as it is more useful as a tool of ranking alternatives.

5.4 Supplementary Measure: Adjusted Internal Rate
of Return

AIRR is a method of determining the annual yield from a project’s investment
expressed as a percentage. Just as the SIR and the NS approach, the AIRR is another
relative performance measure. When determining the economy of a project using
AIRR it must be compared against the discount rate being used in the study. If the
AIRR is higher than the discount rate, a project is economically acceptable. On the
other hand, if the AIRR is lower than the discount rate, then it is unacceptable, but
if they are equal it is considered to be economically neutral. It should be noted that
AIRR cannot be used to choose between mutually exclusive alternatives.
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5.5 Supplementary Measure: Payback

Payback determines the length of time between the start of the service period and
the time it takes for accumulated savings to exactly equal initial investment costs. It
should be noted that payback should not be used to select betweenmutually exclusive
project alternatives. Payback is useful for determining a lower bound on the useful
life of a project.

6 Conclusion

The demand for water will persist as both the economy and the population continue
to grow, making water quality management, water conservation, and reduction of
water consumption a growing challenge. The existing literature supports the use
of LCCA in the evaluation of green building projects and product selection. This
research proposes the use of LCCA to evaluate water conserving appliances and
fixtures should be equally appropriate. Adopting the LCCA technique can aid in
residential water conservation by providing a tool for use in a comprehensive water
resource management program at both the residential and municipal level.
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Towards a More Sustainable Approach
to Evaluate Brownfields

Julio C. Constantino and Mohamed Abdel-Raheem

1 Introduction

The definition of Brownfields is any parcel of land, property, or industrial site,
with current or derelict conditions that have accumulated over their operational life
cycles, unsafe amounts of contaminants, and waste. Contaminants in these sites
can pose significant problems, with the proneness of spreading and seeping into
nearby communities, the surrounding environment, and being transported through
the porous media and groundwater. There is a need to mitigate the spread and impact
that these hazardous substances can have on the quality of the surrounding water,
soil, and air in nearby communities, which ultimately affects the quality of life for
the people and animals near the site. Brownfields are inherently complex, with uncer-
tainties regarding unknown potential risks, decontamination, and regeneration costs,
and the legal liabilities imposed on property owners or remediators. Problems along
the remediation path create significant delays in remediation efforts and impose an
unwillingness by stakeholders and investors to approach these projects as feasible
investing opportunities [6]. With an estimated 450,000 Brownfield sites in the U.S.,
investing in remediation efforts and developing standard proper practices for stake-
holder investment approach can prove to be a challenge in certain areas. There is a
growing need for decision support in terms of the efforts required for remediation
and land recycling. Decision-makers, in this case, must be able to prioritize sustain-
ably and effective clean-up projects to reduce the impact that Brownfields have on the
health andwellbeing of communities, successfully reduce the number of Brownfields
in the surrounding areas, and minimize the level of contamination present on the site.
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Current tools are insufficient for decision-makers to maximize the benefits of reme-
diation projects, typically in the areas of allocating proper resources and selecting
priority. To make these decisions, significant consideration must be given to the main
frameworks of sustainability, incorporating the main aspects of the Triple Bottom
Line is imperative in the decision to achieve the main objectives and ensure that
the remediation projects create significant practicality for all stakeholders involved,
providing a long-term solution for the future needs of the communities [9, 10]. The
objective of this research, in terms of Brownfield remediation and land recycling is
to help the decision-makers prioritize which Brownfields to remediate based on the
core concepts of sustainability, looking at the environmental, economic, and social
frameworks to determine this decision [10].

Brownfield cleanups and remediation efforts offer a solution to growing urban
sprawl and support the ability for sustainable and long-lasting community and
economic growth [5]. When it comes to Brownfield remediation, clean-up tech-
nologies and standards for the project change depending on the contaminants or
multiple contaminants located on the site. A recurring problem is that there is no one
solution for all problems, and each contaminant requires its inherent treatment and
remediation method. With several contaminants affecting different components of
the site, a requirement for differing crew and workforce is needed, and varying uses
of machinery, for example in the usage of well pumps, transportation for the off-site
clean up, or specific requirements for on-site clean up may be required. It is imper-
ative to understand that the usage of manpower, money, machine, and materials are
quite important in determining the completion of these Brownfield projects and can
also serve as additional standard guides for determining priority selection for future
cleanup projects. Oftentimes the limitation of the resources available and the finan-
cial capabilities of the remediator, make these assets a crucial and important aspect
for the success of the clean-up site. Regarding the necessary funding, the remedi-
ator does not have to carry the weight alone, with available funding and Brownfield
clean up grants fully backed by the EPA and which can provide several options not
just directly involved with the money aspect, several forms of information including
literature, knowledge, standards, and tools are available [4].

2 Background

Previous studies have talked about the importance of Brownfield prioritizationwithin
various areas in this field. For effective regeneration of Brownfields, various tech-
niques have been used such asMulti-CriteriaDecisionAnalysis (MCDA) andConvex
Combination (CC) methodology, with considerable preference laid in the areas of
local development potential, site attractiveness and marketability, and environmental
risks. With this study, the identification of success factors of Brownfield site regener-
ation was normally linked to sustainability concepts, whereby the economic, social,
and environmental criteriawere balanceddimensions in the decision-makingprocess.
A necessity for a user-friendly interface and flexibility for adjustment in the criteria
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for stakeholder necessities and project direction was deemed necessary to be able to
take on the complexities involving Brownfield regeneration [6].

Studies in the areas of Brownfield revitalization have also shown a correlation
with quantifying the success of Brownfields with relation to the categories of envi-
ronmental health, finance, livability, and socio-economic indicators, and a study was
made through the usage of a multi-attribute decision method which was the analyt-
ical hierarchy process (AHP). This research concluded with recommendations for
subsequent research, firstly that the risk that factors measured may have received
favoritism over other less quantitative but equally important areas of concern. The
tool itself should be tested and refined for application on two differing Brownfield
sites, with different Brownfield contaminant types and applications. An analysis
between the relations among the indicators was also recommended, to verify the
success of sustainability claims with direct trade-offs. A recommendation for survey
taking was also advised, for a larger pool of professionals. In this research, a total of
twenty-one professionals were surveyed [11].

Being able to implement both cost-effective, resource-efficient, and adaptable
long-term solutions to similar, albeit different problems, aids towards reliable and
effective decision making in the field of Brownfields. Usage of Decision Support
Systems (DSS) is imperative in this field, and several examples are available in
various other fields that can be properly implemented into the area of Brownfield
remediation. Through the usage of Envision: Sustainable Infrastructure Framework
Guidance Manual, which offers the reader with direction towards systematic change
in the planning, design, and delivery of sustainable and resilient infrastructure, several
key indicators can be used for the user to determine the best decision parameters
and recommendations required when deciding the proper Brownfield site criteria
and attributes for decision making in the areas of sustainability and infrastructure
requirements. Whereby Envision relies on having a total of sixty-four indicators
aimed around five distinct categories, which include: Quality of Life, Leadership,
Resource Allocation, Natural World, Climate, and Resilience [2]. Looking in-depth
at this guide can allow for the implementation of new and well-established ideas
that can interconnect and impact the areas of decision making for Brownfield sites,
where the areas that should reflect the most impact are taken into consideration when
relating to the priority selection process of sustainability of Brownfields.

Within the process of Brownfield remediation, there are a couple of tools and
resources available for the decision-maker to make informed judgments based on
solid research foundations. The Federal Remediation Technologies Roundtable,
established in 1990 and which consists of several U.S. agencies such as the U.S.
Department of Energy, NASA, U.S. Department of Transportation, et al. offer private
developers with tools, software, the general cost of remediation technologies, reme-
diation standards and procedures, and even Decision Support Matrices for various
areas, which can include tools such as: Compliance and Emergency Response,
Modeling, Visualization, Geospatial Interpolation and Geostatistics, Risk Assess-
ment, Remedial Process Selection, Cost Estimation, andCost–BenefitAnalysis, et al.
With these types of tools, it would seem like Brownfields and Brownfields remedi-
ation projects have sufficient initiatives to tackle these problems, but that is not the
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case. With many Brownfield sites, a lack of money and resources leaves many of
these sites in prolonged standby, taking with it many years until enough funding can
be collected to finally remediate the problem within these contaminated sites. There
are few incentives available for investor approach, but when funding is available it
is usually quite competitive. A greater assistance in decision-making is required to
aid with the remediation of these Brownfield sites [3].

To be able to prioritize the sites which can have a maximized impact on the
environment, economy, and social aspects of the communities is what is currently
missing and sodesperately required. It is important tominimize the number ofBrown-
fields significantly and sustainably, alongwithminimizing the level of contamination
active within the communities they reside on [1]. The DSS developed in this research
will help with prioritizing the Brownfields for remediation based on the mentioned
objectives and missing necessities in the field.

3 Methodology

This research involved three main components. The first component was a liter-
ature review to determine existing objectives, criteria and attributes involved with
Brownfield remediation practices, concepts, and decision strategies, in order to better
narrow the most impactful parameters required for Brownfield prioritization. The
research included analyzing established and well-known manuals for sustainable
and resilient infrastructure, implementing LEED core practices, and gathering infor-
mation on previousBrownfield studies and research. The second component involved
a comprehensive analysis of past decision support systems, which were examined
to determine improvements and additions to required parameters and systems. The
third component was the decision support tool, which relied on a hierarchy created
from the organized data which was collected and gathered to form the objective,
criteria, and attribute groups, these components formed to create the hierarchy for
decision making for the Brownfield prioritization tool. With comparison to different
support systems, the Analytical Hierarchy Process (AHP) was selected as the leading
tool for the decision-making process.

4 System Structure

4.1 System Description

This research will consider, from a series of surveys sent to professionals and experts
in the field, prioritization of theBrownfield criteria for the creation of a scientific scale
developed to reflect the level of priority on the Brownfield site, which will be used
to determine and evaluate what Brownfields need to be remediated over others. This
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Fig. 1 Hierarchy of Brownfield DSS tool

‘scale’ will be based on the Quantitative and Qualitative attributes of sustainability.
The certain criteria involved with Brownfield sites will be scaled varying in relative
importance to the set of attributes, regarding themethods of treatment for the contam-
inant or multiple contaminants found on a Brownfield Site, level and complexity of
said contamination, impacts on the environment, and impact on the communities.
This tool will be useful for environmental and governmental entities/decision-makers
as well as global clean-up task forces to make decisions on the clean-up priorities of
Brownfields with limited funding and manpower. A look into the attributes that will
be used to weigh the priority of Brownfields considers the importance of sustain-
ability in the approach. Each of these criteria consists of attributes, on which the
importance of the Brownness prioritization tool bases its score.

The system structure that will be used for prioritizing the remediation of
Brownfields consists of the following criteria and attributes presented in Fig. 1.

4.2 Environmental Criteria

The environmental objectives consist of five (5) criteria and twelve (12) attributes,
which attempt to measure the efforts and remediation process of the site. These
environmental criteria will be used in Brownfield’s decision making to improve the
environmental feature of the site and the criteria include:
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• “Reclaim” Surface and Groundwater Quality takes into consideration the
subsurface treatment, groundwater treatment attributes. Here determining the
potential impacts to surface and groundwater in response to contaminants and the
impacts adequate remediation efforts can have on the site, some examples ofwhich
include using treatment techniques and elimination of hazardous substances,
thereby “reclaiming” the quality of the site to a similar state before contamination.

• Habitat Restoration takes into consideration restoring the physical, chemical
and biological functions of the site, intending to normalize the natural functions
of the native habitat. With the attributes, restoring physical function requires
returning the disturbed land, back to its natural physical state before toxicity
introduction, requiring looking towards certain methods of mitigation such as soil
erosion control, soil chemical composition, salt, and nutrient level, soil fertility,
soil organic compounds, nutrient specific compounds, et al.

• Protection of Soil Health deals with activities used to enhance and restore the
soils through both human and natural processes, such as soil restoration tech-
niques, natural attenuation, and site idleness. This is achieved through the usage
of soil restoration techniques, and other factors such as natural attenuation and
the amount of time the site was left idle.

• Surrounding Environmental Impact considers the effects of remediation on the
surrounding environment and the local benefits to the quality of land, air, andwater
that by people and other organisms. Taking into consideration the local benefits
of remediation and the global benefit of removal of Brownfield contaminated site
from the list.

• Preserve Site Ecological Value, whereby a consideration forwildlife biodiversity
is established and resources are allocated to protect endangered species in these
habitats, with examples including that of national parks, forests, and wildlife
refuges. Species conservation and improvement and protection of species through
implementing practices, designs, and technologies to account for the protection of
local wildlife and fauna, such as maintaining clean water sources and protecting
the local ecosystem.

4.3 Economic Criteria

The economic objectives consist of six (6) criteria and twelve (12) attributes, which
are used to evaluate the economic efforts and gains from the remediation of the
Brownfield site. This evaluation seeks to improve the economic feature of the
community and the areas surrounding it and the economic criteria include:

• Location and Linkage, involves increasing the sites economic impact on the
community with services that are essential or that can support the overall balance
of living andhousing, choosing options that emphasize development andminimize
the usage of existing space from current communities. These impacts can be
referred to as smart growth, infill development and diversity of services.
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• Site Diagnostic, investigating, and testing efforts required to determine the
contaminants on the site, the investigation usually consisting of an In-Situ and
Ex-Situ diagnostic that involves proper laboratory procedures and site testing.

• Methods Required, whereby the remediation cost and time are considered, based
on the existing and required technologies available and how critical or widespread
the problem on the site is.

• Industrial Ecology, whereby the by-products from the remediation efforts are
identified and cost-effective disposal is implemented, by which a synergistic
approach is taken into consideration.

• Economic Prosperity, whereby the goals of the community and the goals of
businesses are considered, and an established need is fulfilled without depletion
of other resources from the environment or societal aspects.

• Capital Investment includes in its decision, the funds available for remediation
and the capital funds and money that has been invested through assessments and
previous funded effort.

4.4 Society Criteria

The societal objectives include the criteria and attributes that consider the best influ-
ence in societal impacts which can be maximized by the process of remediation that
the project can have on the community and its people. This evaluation includes five
(5) attributes and twelve (12) sub-attributes, consisting of:

• Sustainable Designs, whereby the decision-maker considers the best functions
and uses for the site location and establishes goals and objectives for the site and
determines if the site is the best location for a said objective, with an emphasis on
the usage of a sustainability management plan.

• EnhancePublicHealth andSafety, whereby the project canmeet the safety regu-
lations for operations and an enhancement and protection of community health
and safety is implemented.

• Enhance Public View and Local Character, whereby the project seeks to
enhance and create significant visual impacts on the community through improve-
ment and remodeling, with criteria involving enhancing project visual impact on
the community and enhancing the relationship of public and community.

• Increase Mobility, whereby the promotion of alternative transportation practices
and connectivity through design is sought up and implemented as part of the
compact development strategies.

• Long-TermMonitoring andMaintenance includes enhancing performance and
minimizing the costs of the social, environmental, and economic impacts of
ongoing maintenance through enhancing performance targets and reducing the
impact of ongoing maintenance for the site.
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5 Model Description

5.1 Model Objective

The proposed model is designed to be used in a hierarchical fashion where the top
objective is to prioritize the Brownfield to be remediated. To accomplish this task,
each Brownfield is assessed concerning a set of predefined criteria, established in
the methodology section, which includes the expert evaluation of the objectives in
the field such as criteria weight, attributes-weight, and the final score for Brown-
field assessment. Through the usage of the Analytical Hierarchy Process (AHP), the
decision centers on the main parameters established and does not deviate towards
irrelevant parameters that may stray away from the objective of the research, to prior-
itize the remediation of Brownfields using sustainability at the forefront of decision
making.

5.2 The Analytical Hierarchy Process (AHP)

The (AHP) is a multicriteria decision-making approach, which requires arranging
information/criteria such as the goals, attributes, issues, and stakeholders in a hier-
archy. Providing the decision-maker with both an overall view of the interlining rela-
tionships of the problem at hand, focus and analysis is given to the proposed compar-
ison criteria and attributes of the criteria separately from each pair of elements, the
judgment which can be made based on established experience or preference. AHP
follows a set of criteria for decision making, and gives importance based on a hier-
archy of reportedweights and attributes for decisionmaking, themore clearly defined
the criteria is, the more thoroughly defined the decision is going to be based on the
important parameters that were established at the beginning of decision making,
leading towards continued consistency in the decision-making process and avoiding
deviation and it is a tool with a range of application used in many industries [7, 8].

Through the usage of an automated user interface developed in excel, and the
established process map, located in Fig. 2, the user can pass through the steps of the
AHP by answering questions, providing data and specific details of the Brownfield
site being evaluated for redevelopment and remediation, and receive the priority for
the Brownfield in question.
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Fig. 2 Brownfield framework process map

6 Example Application

6.1 Modeling and Implementation

An example application was created using the DSS, whereby two hypothetical
Brownfield sites were selected to create a real-life simulation of evaluation and
decision approach within reasonable parameters of Brownfield sites. A comparison
approach is made using the three different sustainability factors, criteria weights
and attribute weights, and the proposed weights for each were created from peer
evaluation approach and user preference. The example considers a hypothetical real-
world scenario of two distinct but similar Brownfield sites, whereby the properties
have gone through both Phase I and Phase II of environmental assessment and are
awaiting remediation.

For Site A, presented in Fig. 3, site clean-up has not started, redevelopment has
not started, and some of the property highlights in its history include the usage of an
underground gasoline storage tank in its historical records. Analytical results for soil
show elevated TPH concentrations, and the site itself is close to businesses, schools,
and an airport. There is no evidence of a rarity of species or fauna in the area. The
site resides in an urban community with access to roads, infrastructure and public
transportation. An absence of remediation is physically visible on the site and hinders
the public view and local health. Several factors are assumed and integrated into
the model based on expert experience, personal preference, and general complexity
present in Brownfield sites.

For Site B, presented in Fig. 3, the site in question has contamination from land-
fill use and waste from pharmaceutical applications and subsurface contamination.
Site is prevalent with contaminated soil, but it is a considerable distance away from
businesses, public facilities, and people. It is located on the rural outskirts, within a
large area consisting of agricultural land nearby. There is proof of rarity of species
located on the site in the form of a threatened species of coyote that suffers from
non-lethal deterrence by farming protection of livestock and pest control. Analyt-
ical results show an elevated number of heavy metals around the site, and careful
consideration must be given to mitigate the damage above and below the soil surface.
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Fig. 3 Site A and Site B—DSS Brownfield example

Several factors are assumed and integrated into themodel based on expert experience,
personal preference, and general complexity present in Brownfield sites.

A fundamental scale must be used for the user to determine the importance the
criteria will have with the final decision output for the tool, in this case, the Likert
scale takes the form found in Table 1 and using this scale the user can give weight
to the criteria that were mentioned for Brownfields. Along with this, the expert-
defined priority vectors are added, based on the survey assessment and results, and
are implemented within the tool for use by the decision-maker. Tables 2, 3, and
4 lists an example of the priority vectors regarding the environmental, economic,
and social criteria, and an attempt is made to assess and prioritize the Brownfield

Table 1 The fundamental scale for decision support system

Likert scale Intensity Definition

Equal importance 1 Two criteria contribute equally to decision

Slight importance 2 Experience favors one criterion over the other

Moderate importance 3 Experience favors one criterion over the other

Very strong importance 4 Criteria is strongly favored over the other

Extreme importance 5 Highest possible approval of criterion over another
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Table 2 Priority vectors for
environmental criteria

Environmental criteria Priority vector

“Reclaim” surface and groundwater quality 0.410

Habitat restoration 0.216

Protect soil health 0.180

Surrounding environmental impact 0.061

Preserve site ecological value 0.134

Table 3 Priority vectors for
economic criteria

Economic criteria Priority vector

Location and linkage 0.050

Site diagnostic 0.251

Methods required 0.206

Industrial ecology 0.160

Economic prosperity 0.191

Capital investment 0.142

Table 4 Priority vectors for
society criteria

Society criteria Priority vector

Sustainable designs 0.245

Enhance public health and safety 0.371

Enhance public view and local character 0.181

Increase mobility 0.133

Long-term monitoring and maintenance 0.071

examples using a Likert scale required for measure the intensity of importance in the
decision criteria, which can be used based on personal experience or expert decision
[8] .

A comparison of each priority vector with each Brownfield site is made depending
on user input. Calculation of the Brownfield priority required for the site based on
user-reported data, questionnaires, and AHP support using the tool user interface is
assumed.

6.2 Results

Pairwise comparisons were conducted for each of the criteria, using the priority
vector weights for the environmental, economic, and society objectives. The sustain-
ability objectives carried equal weight when compared to each other, Brownfield
priority relied on the criteria comparison. Following the process map, a comparison
of the criteria is done for the Brownfields and is presented in Table 5. Implementing
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Table 5 Criteria comparison for Brownfield A versus B

Brownfield A versus B Environmental Economic Society

Brownfield A 0.490 0.656 0.755

Brownfield B 0.512 0.344 0.243

Table 6 Final Brownfield ranking—Brownfield A versus B

Brownfield A versus B Environmental Economic Society Final rank

Brownfield A 0.163 0.219 0.252 0.634

Brownfield B 0.171 0.115 0.082 0.368

the weight of the objectives, Table 6 provides the final rank for the priority of the
Brownfields. In the case of this model, it was determined that Brownfield A requires
more priority when compared to Brownfield B. The user may also edit the tool
based on their desired objectives priority related to either the sustainability objectives
presented or personal preference.

7 Future Work

The application of the DSS tool within the realm of Brownfield remediation and land
recycling allows the decision-maker to base their decisions under both a reliable and
standard approach tool that has been used within various industries, and that has
various realms of applications. At the writing for this conference paper, a survey is
being developed to be sent to various experts in the Brownfield sector, with a selective
approach towards decision-makers affiliated with the reclamation and remediation
of Brownfield sites. Along with this, the creation of an excel based user interface,
implemented with a decision support tool is in development. The tool will allow the
user to either use related data and weights for decision support, able to be edited
by the user regarding different project direction, objectives, and requirements. The
flexibility of the tool and the criteria weights will allow the user versatility in an
already quite complex and hyperactive field.

8 Conclusion

An attempt has been made in this research to critically evaluate the Brownfields
using sustainable decision objectives and criteria by implementing LEED and Envi-
sion core concepts for the prioritization of Brownfield sites. Significant consideration
was given in the areas of economic, societal, and environmental aspects of sustain-
ability to aid in the complex process of Brownfield selection for land recycling and
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remediation. However, the complexity of these projects requires the decision-maker
to consider the long- and short-term impacts of Brownfield selection, and in the case
of complex decisions, the costs are set aside so that the benefits of the alternatives
are properly evaluated. This tool is meant to assist decision-makers and requires
the user to have prior knowledge and a significant understanding of the Brown-
field site for evaluation. A model objective and usage of the analytical hierarchy
process as the decision-making approach was used to allow for the comparison of
the influence or contribution of each alternative, both advantageous and disadvanta-
geous to the decision-maker’s goals. An example was also provided on the way the
tool would work on a hypothetical scenario between two Brownfield sites. This tool
allows the decision-makers to be one step closer to the best possible outcome, even
with the inherent complexities of the site, an informed decision can be made with
sustainability at the forefront of decision making.
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From Collaborative BIM to Value-Driven
Asset Management: A Case Study

D. Forgues, A. Motamedi, and M. Boize

1 Introduction

Driven by a major digital innovation, the construction industry is currently facing
a profound transformation of its processes. Building Information Modeling (BIM)
in design and construction has moved beyond the curiosity stage and is now widely
deployed [1]. However, research on the exploitable potential of BIM in the operation
and maintenance (O&M) phase is still at an early stage. The restriction of BIM
to 3D modeling and 2D plan generation, coupled with the lack of interest in tools
and standards for its deployment in facility management (FM), are among the main
reasons for its slow adoption [2].

On the other hand,Munir et al. [2] note the importance of being able tomeasure the
added value that BIMwould bring to asset owners. Indeed, the difficulty in assessing
the commercial value of BIM for FM may well be the reason why its application is
so moderately popular. Realizing the financial and organizational benefits that BIM
would bring is not a straightforward process for both investors and practitioners.
Munir et al. [2] realize that whatever the primary strategic objective of BIM is, the
organization must first understand its own capabilities and maturity before it can take
advantage of the entire process. An early needs analysis is therefore an important step
in understanding which BIM alternative would be best suited to the subject under
study.
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Even so, themanagement of facilities requires a closer look. Indeed, it is costly and
complex for owners and operators who find themselves having to manage equipment
at the end of the cycle [3]. The fragmentation of the different phases of a project and
the existing information intensity in the construction sector are identified in the liter-
ature as one of the principal problems. Indeed, collecting information to update data
models, transferring documents in interoperable formats, accessing the necessary
documentation at the right time throughout the project lifecycle, require time and
imposes substantial costs. In addition to having to copewith a heavy financial impact,
this approach does not guarantee high fidelity in the acquisition of information, since
it leaves room for a multitude of errors due to human inputs [4].

The core problem could be the actual business model prevailing for managing
real estate portfolios. One proposition is to move from managing building assets
to apply an asset management approach to maximize the value of the real estate
portfolio. The concept of value creation is an interesting aspect that has not been
deeply explored in literature in construction. While value generation is core to the
production theory supporting Lean Construction practices, it is mainly focused on
the elimination of waste related to non-value-added activities. It is also limited to the
realization part of the asset lifecycle. And it does not adequately address waste or
value in the information processing.

According to the literature of management, a corporation’s only moral obligation
is to make a profit, to create value for shareholders. Some authors argue that value
must be created not just for shareholders, but for stakeholders since it is morally the
right thing to do. It is obvious that there is a lack of attention in the management
literature to the main concept of value itself. Moreover, presented models fail to
describe how an organization creates value [5].

This exploratory research seeks a better understanding of the concept of value,
and how the application of this concept could act as a driver to redefine the industry
business model. To achieve this objective the research explores through a case study
a new business model based on a value-driven asset management approach. The
originality of this case is the fact that the organization under study is operating in a
business environment in which competitive advantage is gained through the quality
of the facility to provide their customers a unique experience.

2 Redefining the Building Information Lifecycle Around
Value

Given that the construction sector spends only 1%of its general revenues onResearch
and Development [6], its delay in digitization is heavily felt and impacts any process
of value creation for assets. Indeed, themanagement of building assets currently faces
major problems: data accumulation in different types of formats, difficult accessi-
bility and reliability of information, significant data loss, laborious data collection
and updates [7]. This lack of innovation, compared to other sectors, requires time,
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energy andmoney, and results in high cost of maintenance related to poor monitoring
of equipment. Building maintenance requirements require a managed approach due
to the size of the facility [8]. Realizing the importance of effective and efficient
management over the operational life of an asset is necessary to ensure facility
sustainability and a satisfactory return on investment. In particular, Pishdad-Bozorgi
et al. [1] point out that this is the longest and most expensive phase of the building
lifecycle, indicating the importance of proper management.

This ecosystem is data intensive and the greatest challenge in facilitymanagement
lies in the ability to manage the flow of information generated throughout the entire
lifecycle of a project, from the design phase to theO&Mphase. The success of facility
operations depends entirely on the processes put in place to manage the information.
Unfortunately, the traditionalmethod used in construction to collect data, update data,
and transfer documents in interoperable formats is overwhelmed by the intensity of
information a project generates. The advent ofBuilding InformationModeling (BIM)
is a seminal innovation that is slowly changing the process of designing and delivering
a facility, moving it away from document to information processing. However, its
application is limited to the project. Interoperability with computerized maintenance
management systems used for AM is still limited. The advent of ISO 19650 to guide
the creation of a CommonData Environment (CDE) encompassing the building asset
lifecycle is proposed as a solution to facilitate this need for high quality data. This
anticipated virtual environment aims to allow the centralization, accessibility, proper
circulation and archiving of information within the team. The principle is that each
project participant can use the data stored on the CDE that would be useful for their
discipline, and deposit their information in turn. Thus, through the creation of project
information, data is stored from the design phase to the construction phase, and ready
to be transferred to the operation. Additionally, the integration of all sources of up-
to-date data related to the facility will facilitate the creation of a Digital Twin, which
replicates the physical facility in a form of an evolving digital entity.

However, as asserted byWinch [9], CDE or digital twins will not resolve the core
issue in information processing, since the linear and sequential process of project
delivery still creates information gaps which results from loss of value to the end
users. In product development, the management of the supply chain and the value
chain are closely integrated into a value system. Egan [10] brought the concept of
integrated supply chain in the UK construction, but the paradigm of the delivery of
facilities as projects is solidly anchored in the industry. Project teams traditionally
focus on specification, time and cost, ignoring information needs of the Facility or
the Asset Manager, or elements to generate value for the end user [11]. Manage-
ment of real estate assets is also traditionally focused on reducing costs for oper-
ation and maintenance. There is no lifecycle perspective to value creation, and as
a consequence, projects fail to generate the expected benefits of their implementa-
tion. A proposed explanation for that is the poor understanding both at the project
and the AM levels of the means to create value, and little awareness of interdepen-
dent changes that are necessary for expected outcomes to be achieved, as well as
how the different stakeholders may influence the achievement of projects’ expected
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outcomes [12]. There is a therefore need to move from a cost-based to a value-based
asset management ecosystem, a new business model.

As arguedbyPorter [13] competitive advantage cannot be gained through reducing
costs, but by adding value. Value creation is the ability of the components of the value
system or chain towork together as a cohesivewhole in determining the level of value
provided to the ultimate consumer. The problem with the management of real estate
assets is that the actual business model is designed to focus on cost in a fragmented
way, based on the rationale that reducing the cost of each element of the asset lifecycle
will reduce the overall cost of this asset throughout its life. Not only this business
model does not achieve its goal to provide a facility at the best cost possible, it usually
fails to maximize value for the users of the facility by achieving the best fit for use
or for purpose [10].

ISO 55000, a value-based asset management (AM) standard, is starting to be
adopted by some large real estate owners. According to the definition of ISO 55000,
asset management is defined as “the coordinated activities of an organization for
the purpose of creating value from assets”. It aims to balance costs, opportunities
and risks against the desired performance of assets to achieve the organization’s
objectives. In other words, it is about understanding risk and then developing and
applying the right business strategy and the right organizational, process, and tech-
nology models to effectively manage all assets [14]. The main breakthrough of the
application of this standard for themanagement of a real estate portfolio is to integrate
the project and the management of the facility into one single process.

3 Moving from a Cost to a Value Perspective to Asset
Management

While these new standards and project delivery modes provide insights to a value-
based asset management for real estate portfolios, literature is scarce about the path
to follow to achieve this goal. At the project level, it is proposed to adopt relational
contracts [10] such as Integrated Project Delivery (IPD), which emphasize collabo-
ration, transparency, and facilitated data sharing in a managed manner, are seen as
beneficial, but not mandatory, for integrating BIM into AM procedures [1]. Some
work has also been done to identify challenges of transitioning from traditional to
BIM-based processes for AM [15] or the work to be done for an BIM-enabled Asset
Management System [1]. A few case studies looked at examples in the industry
thriving to find a way to better manage their portfolio by creating some form of CDE
[2]. St-Olavs Hospital [16] is a rare example found in the literature of an owner rein-
venting their business model around what they qualify as an Enterprise BIM. Both
the real and the digital built environments with all objects and interrelated objects and
processes are connected in a complex interlinked network, realized as an Authorita-
tive Data Source (ADS) in a model server. ADS is defined as the repository or system
that contains the cohesive set of data and features that are considered as the primary
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source for this information and it provides reliable, proper, and secure information to
support all business processes within the hospital infrastructure. Moreover, there is
one single platform that integrates the project delivery of new assets, eliminating the
issues related to facility handover. However, while this represents the finest example
of CDE, into a new integrated business model, it does not incorporate the concept of
a value-based approach to manage this real estate portfolio.

The originality of this exploratory research is to use an abductive approach to
an action research that was focused on the creation of a CDE for an organization
which is specialized in wellness health centers to better understand the concept
of value-based asset management. The peculiarity of this line of business is that the
competitive advantage depends on the organization to realize facilities that will bring
the best experience or value to the end users. This case is unique by the fact that the
realization and the management of their facilities is the core of their business, and
their value system is built around it. This organization (we will name it ABC) built
their own AM business model from a clean slate, having no previous experience in
managing a real estate portfolio.

4 Research Design

Action research is chosen as the research methodology. It aims to construct and
test theory in the context of solving an immediate practical problem in a real-world
setting [17]. It is defined by 5 successive steps: diagnosis, suggestion of an action
plan, implementation of this plan, evaluation by ABC and specified learning.

Triangulation of data collection techniques (observation, review of documents
and interviews) were used. Observation included the participation to design activities
such as Big Room sessions, morning Scrum sessions, site visits and team dynamic
feedback workshops. Review of documents included, but was not limited to: flow
charts, description of processes used, BIMmanagement plan (BMP), list of tools put
in place to facilitate operations, and any other documents relevant to the research.
Interviews averaging 60 min duration were conducted with the project manager, the
director of facilities management and his manager, maintenance operator, and the
contract manager. From the data collected and analyzed, process maps were devised
and discussed with the team. Then, based on a framework devised from literature, a
revised process used the organization as a roadmap to streamline all the initiatives
to create a digital asset management environment.

5 A Value-Based Organization Culture and Business Model

ABC qualified itself as “wellness creators”. Its mission is to make a difference
in people’s lives. Therefore, the way they plan, design and manage their facilities
revolve around this one single purpose. The culture of ABC, built on shared values,
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is to continuously reinvent themselves to provide to their clients a rich and unique
experience.

ABC is divided into 3 main entities: the management including the client (spa
owner), the development team, and the on-site managers. The development team is
also divided into two major groups, the information technology/marketing team, and
the project team. Interdependencies between these entities is the core of their value
system. A constant exchange between the client, the teams in charge of the project,
and the on-site managers is required for each new project. Their venue in the real
estate market is fairly new, having operated for many years only one facility. An
ambitious expansion plan was devised a few years ago, to construct and manage 8
new facilities across Canada.

5.1 The Project Delivery Strategy to Maximize Value
to the Customer

What makes this organization approach to real estate original is the fact that these
assets are considered as central to the enterprise core business, the facility being the
theater in which scenarios are played to achieve users delight, a value proposal
centered on the customer experience. This explains the unusual combination of
marketing, IT and construction as the development team and also the reason why
ABC rejected the traditional business model for the realization and management of
their building assets. First ABC could be considered as a project-based organization,
constantly adapting and transforming their offer tomaintain a competitive advantage.
Therefore, it adopted leading edge management approaches such as agile and lean
throughout the organization. Also, marketing relies heavily on data to measure the
quality of clients’ experience. For example, the users of the facility wear wristbands
that give them access to their lockers but also to their credit card. These devices
allowmarketing to track how clients move around and use the facility, how long they
stay in a specific space, what they spend and what they spend it on. These data are
quite useful in planning and designing new facilities. ABC has also a R&D approach,
devising amd selling technologies that enhance the user experience or reduce the cost
of exploitation. This is the reason why they rapidly embrace BIM technologies and
aim to develop a CDE and adopt a digital twin approach as the backbone for highly
adaptative and agile approach to asset management.

The development team realized rapidly that the traditional building project
delivery model did not fit well with this organization model and value. Attempts to
improve this model, adding an integrated design process failed to offer the expected
results. There was a clash between ABC culture of opening, innovation and collab-
oration and the industry organization of work built around a hierarchy of specialties
similar to medieval guilds and the quite low maturity of the industry with IT. ABC
development team moved rapidly to adopting emerging delivery strategy based on
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the Lean Construction Target Value Delivery method and a procurement mode, Inte-
gratedProjectDelivery (IPD), that better fit their businessmodel. TargetValueDesign
(Delivery) is described by the Lean Construction Institute as a “disciplined manage-
ment practice that is used throughout project definition, design, detailing, construc-
tion, commissioning and activation to assure that the facility meets the operational
needs and values of the users, is delivered within the allowable budget, and promotes
innovation though out the process to increase value and eliminate waste”. Proposed
by the American Institute of Architects as a delivery method for BIM projects, IPD
requires the contractual collaboration of all parties involved in the project. Indeed,
it is based on teamwork that promotes dialogue and transparency through a single
contract between all parties. Thus, the responsibilities regarding the risks of failure
or success will be the same for everyone. One of the conditions set up by ABC in
this procurement process is that the firms they hire must share the same values and
desire to innovate.

Carrying out a project in an integrated manner is perfectly integrated into the BIM
process, because it involves team members from the design phase to the operation
and maintenance phase, and allows digital monitoring of the entire project lifecycle.
Few examples of project realization under BIM are currently available, which shows
how advanced ABC is in BIM compared to the construction industry. Through this
IPD,ABCproposes “BigRoom”, gathering in the same room all the actors concerned
sooner or later by the project, to talk about the progress, the blockages and to build
together the short and medium-term schedule. Driven by innovation and a quest
for constant improvement, this organization has also experienced a renewal in its
project management procedures, by welcoming the agile method at the heart of their
processes, which had already proven itself within their IT and marketing teams.

In addition, ABC is in the process of deploying a Common Data Environment
for managing their assets, not only for the project, but for the management of the
whole lifecycle of their facilities. Digital twin is also an appealing concept since
the measurement performance of the various systems is tantamount in this type of
environment. They also acquired a requirement management platform that allows the
storage and sharingof information,which is centralized in a single location, automatic
control of compliance with requirements (coding, content, associated documents and
automation of document production).

The ultimate goal is to extend the use of this platform to all their spas. The
complexity then lies mainly in the transfer of data from their oldest spa, as the
accessible plans are only scanned, and not updated for the most part. Data insertion
will therefore have to be done manually, through an on-site inventory. Defining the
information requirements in the O&Mphase with the technical team, so that they can
integrate them from the beginning of the design is one of their current challenges. In
addition, ABC is interested in the COBie exchange format and wants to implement
it to structure the information and facilitate the transfer of data from Revit to dRofus.
This initiative, currently focused on the design team, but will be extended to the
operation phase as soon as the information requirements are defined.
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5.2 Bridging Theory and Practice

An interesting insight is that, while ABC development team had little experience
in construction and asset management, overall, their strategy for deploying BIM-
AM in the enterprise seems to be in line with most of the BIM-AM deployment
approaches proposed in the literature and in line with the philosophy and principles
of ISO19650 and ISO 55000, yet with a businessmodel which is far more agile (since
ISO19650 is built on the traditional facility management model of the industry).
Figure 1 shows the steps derived from literature for the deployment of an AM-
enabled BIM implementation in the organization and compares it to the steps taken
by ABC to move toward the implementation of a CDE, using one of their projects
as a prototype.

Many positive points are noted, including their decision to move to IPD mode,
which significantly promotes the adoption of BIM in all their processes. This mode
of implementation is strongly emphasized in the literature, but is at the same time
perilous because it is innovative [1]. It is therefore a real risk taken on the part of
ABC, which expresses its ability to take the risk by approaching the agile method in
parallel.Moreover, a combination of technologies, strategies, and adequate resources,
as advised by Giel et al. [18], is found. Indeed, the tools selected, such as COBie,
dRofus and CMMS, is a sequence suggested by previous studies [4, 19], because it
emphasizes a structured and uniform informationmanagement throughout the project
lifecycle.

Linking CMMS to the BIM model and Building Automation System (BAS), by
including technicians early in the lifecycle in the writing of requirements, is also
an approach proposed in various research studies [7]. The proposals are made on
the assumption that ABC, following the analysis phase and based on their clearly
expressed desire for change, is mature enough to successfully make the transition
to BIM-AM. An understanding of the need for technological support and a real
involvement of the entire team, from technicians to managers, were retained. This
innovation does not upset everyone’s roles but offers the possibility of structuring
information to work efficiently.

5.3 Discussion and Conclusion

As asserted by many researchers, the issue in the digitalization of the built envi-
ronment is not technological. While BIM is considered as a seminal, disruptive
innovation that was going to create a paradigm shift in the industry, the main barrier
to this shift remains its business model, a cost-based mix of medieval organization
of work (specialties built on the models of guilds) and mass production.

In order to meet their value proposition as “wellness creators”, this organization
approach was to grow its organizational maturity, challenging preconceived ideas
and practices in all fields and dissolving barriers between specialties. They quickly
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Fig. 1 ABC approach to implement AM-enabled BIM

rejected traditional approaches to plan, deliver and manage buildings as inadequate
to fulfill their value proposition to their customers and rapidly seek new ways for
achieving their goal. IPDwas rapidly adopted because it fitted their value and culture.
They adopted BIM because of the opportunity it offered to visualize how the spatial
setting could enhance the client experience, challenging theway design professionals
work. Methods and tools to stimulate innovation and creativity were welcome from
all disciplines (marketing, IT, operation) in a flat organization structure.
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The initial objective of this action-research project was to propose an integration
of the BIM technologies, BAS systems and Internet of Things into a CDE and digital
twin. The roadmap derived from is by itself a contribution. However, digging through
the investigation phase of this research, the level of innovations observed in this young
organization was intriguing. It raised the question. What was driving such a level of
innovations? The answer could be found in literature in marketing and from activity
theory. The purpose of this organization is to create value for their customer. All
their activity system is built around it, making this organization extremely agile to
integrate the best practices and technologies to achieve this goal.

The main contribution of this research is opening new grounds with a proposed
theory of new value-based asset management business model for real estate and its
empirical validation through a case study. The literature in construction regarding
value is mainly based on the cost-based delivery paradigm (value analysis and value
engineering). Literature in Lean Construction shed some light on the application of
the concept of value-based approaches in the design and delivery of buildings, but
fail to provide a lifecycle perspective and the concept of value is not well defined.
However, as an exploratory research, it has major limitations, and further research
is required. Literature in management and marketing science—which will provide
some insights to better understand how value creation—could be applied as a driver
for a much-needed paradigm shift in our industry.
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Information Management in Off-Site
Construction: Case Study of Mid-Rise
Building Construction in Québec

Virginie Messa, Ivanka Iordanova, and Carlo Carbone

1 Introduction

Compared to the overall economy’s productivity, construction productivity has been
declining over the past decade. The definition of how to improve productivity is
a reduction of the waste of resources including cost, time, and skilled labor force
[1]. According to Barbosa [2] off-site construction (OSC) is the means that will
help to increase by 5–10 times industry productivity. By assigning some parts of the
construction industry to amanufacturing-style production system, OSC can optimize
the available skilledworkforce, leading to a considerable reductionof project duration
while improving on-site execution, procurement, and supply chain management.

Whether named modern methods of construction (MMC), industrialized building
systems (IBS), prefabrication, modular construction or panellised construction,
interest in OSC has been steady and growing since the turn of the century within
the architecture, engineering, and construction industries. Hosseini et al. [3] reveals
a wide range of research areas explored during the last decade, such as innovative
materials (precast concrete, cross-laminated timber or CLT, reinforced concrete and
modules), structural analysis, design optimization, sustainable development, design
for fabrication, project management and computer-aided design. The wood industry
stands out for its ability to combine innovation, sustainability, and efficiency. This
renewable material is a potential candidate for automated fabrication in construction
and contributes to carbon storage, both of which align with global commitments to
reduce environmental impacts of industries [4]. The common vision of the Société
d’Habitation du Québec (SHQ) and the Quebec Wood Export Bureau (QWEB) is
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to establish high-performance living environments that guarantee quality, competi-
tiveness, and sustainable development. Although OSC presents several benefits, its
higher cost compared to traditional construction methods for larger scale buildings
limits its implementation to the single-unit housing sector in Québec. The objective
of this study is to investigate the factors that cause cost overrun issues for larger scale
(mid-rise) prefabricated buildings inQuébec’s construction context. Themain reason
for targetingmid-rise building lies in the increasing housing demand in the region and
compliance with regulations on lightweight wood uses in building construction. The
remainder of the paper is organized as follows: presentation of OSC core concepts
and the research gap, the research methodology and project description, findings and
discussion, and the last section concludes the study.

2 OSC: General Concepts

Off-site construction refers to the preassembly or fabrication of building systems in
a factory environment prior to their installation at the project location [5]. Various
production systems have been developed for OSC implementation. The literature
reveals different ways of classifying OSC systems depending on the degree of on-
site labour, the size and shape or the complexity of prefabricated components [6].
Gibb and Frank [7] produced a categorization of those systems, summarized in Table
1, in which OSC is divided into four levels, each level is associated with the type of
off-site work. Other authors provide different semantics for each categorization.

The two main areas of OSC that construction projects have benefited from are
materials and processes (Kagioglou et al. 1998). A higher standardization of prod-
ucts has been the main driver of OSC hardware aspects. The extensive use of stan-
dardized products in OSC has the benefit of helping to avoid delays and re-work
[8]. Material innovations have focused on innovative components such as cross-
laminated timber (CLT), structural insulated panels (SIP), prefabricated facades, and
prefabricated bathroom units or pods. Due to its sustainability and flexibility perfor-
mance compared to other materials, timber lends itself well to the deployment and
application of OSC [9].

As for the operational and process facets of OSC found in the literature, Sardén
andEngström [8] presentedOSC’s ability to reduce the impact of conflicting interests
compared to traditional on-site construction because part of the work is relocated to
a factory. From a client’s perspective, the responsibility for integrating the different
project actors and both the design and construction processes are shifted to one
company. OSC integration reduces the impact of conflicting interests and makes it
easier tomanage and control the project efficiently.Moreover, the benefits ofOSCcan
be further enhanced if coupled with the principles of design for manufacturing and
assembly (DfMA) [11]. TheDfMAapproach aims to eliminatewaste or any activities
that do not add value and to facilitate the manufacturing of a product, its delivery,
and its assembly [12]. DfMA leads to the involvement of suppliers, contractors,
sub-contractors, and other specialists in the design phase to merge information for
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Table 1 Offsite categories from Gibb and Pendlebury [10]

Categories Definition

Components Simplified building elements like stairs, trusses, windows, doors. They are not
part of the primary building structure

Panels Non-volumetric elements used as structural frames or building envelopes. Their
flat shapes are easy to transport

Volumetric Units that enclose usable space providing facilities or services that support
household activities. Generally, kitchen, bathroom(s), laundry room or
mechanical
Also named as service core or pod

Modules Manufactured units that constitute the entire living and service spaces of a
dwelling. They are fully prefabricated and simply need to be connected to the
on-site structure

efficient project delivery [13]. Indeed, this is necessary to produce precise plans and
specifications and to ensure consistency between the prefabricated modules and the
expectations on site. Precise planning makes it possible to take advantage of the
full potential of prefabrication, which includes favorable working conditions and
better-quality work control. This collaborative management approach streamlines
OSC design and enables an efficient collaboration throughout the project.

The adoption of OSC is low, despite its well-documented benefits. The working
paradigm introduces by combining informal and error-prone communication chan-
nels from construction [14] with OSC specified and repetitive systems [15] causes
higher construction costs. This could be the reason for the low adoption of OSC
processes in the industry. In addition, the Construction Industry Institute estimates
that between 25 and 50% of construction cost overruns are due to information errors
during the design stages. Cost-related issues are surging in the construction domain
and even more so in OSC projects [16]. The investigation of the causes of cost issues
is the objective of this study. The study focuses on mid-rise wood prefabricated
buildings in Québec.

3 Research Approach

3.1 Methodology

This research uses a case study approach and a qualitative researchmethodology. Two
reasons brought about this choice. First, a case study not only describes the visible
and obvious components of a problem, but it can also help to interpret their under-
lying meanings and identify interrelationships [17]. Second, Koskela [18] shows this
approach as the most appropriate methodology for construction management studies
because it offers a deeper understanding of problems in a complex context such as the
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construction sector, which is highly fragmented. The case study approach includes
three steps: project identification, data collection and data analysis.

3.2 Case Description

The case study used in this project consist of two residential buildings of four and
six-floors, each with two-level basements, which are used for parking. Each floor
includes 3 1/2, 4 1/2, 5 1/2 and 6 1/2 apartments. The prefabrication system used
is a volumetric service core including a finished bathroom, 3 wardrobes, kitchen
cabinets, counters, sinks, faucets, and mechanical, electrical and ventilation shafts.
The team chose a prefabricated service core system to limit the on-site work and
speed up construction.

Project management was organized in design-build mode. This means that the
client awards a single contract for the design and construction of the work to one
party, which in this case is the developer. In addition, it was required that an Integrated
DesignProcess (IDP) be adoptedwhich, by initiating discussions between the various
stakeholders early in the design process, allows for important decisions to be made
at the onset, which can contribute to lowering costs.

3.3 Data Collection

Data collection was achieved through in-depth interviews of stakeholders involved
in the chosen project. Prior to the interviews, an extensive literature review of OSC
management was conducted to establish the initial hypothesis. Then questions were
formulated to conduct a preparatory interview with the architect working on wood
prefabricated systems in Québec. This interview helped to better orient the ques-
tionnaire. Once elaborated, the questionnaire was submitted to the stakeholders
involved in the design stage to understand the implementation challenges of prefabri-
cated wood pods in large-scale projects in Québec. Semi-structured interviews were
conducted with the participants, who consisted of an architect, structural engineer,
developer, manufacturer, and the client. To preserve the identity and confidentiality
of the persons from whom information was collected, a code was assigned to each
participant. Architect (AR), engineer (Eng), general contractor (GE), client (GRT)
and the manufacturer (Man).

3.4 Data Analysis

Selecting an analysis unit is the first decision to make when using qualitative content
analysis. The unit of analysis can be words, sentences, paragraphs or an entire text,
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and its determination mainly relies on a research context (Downe-Wamboldt 1992).
For this analysis, given that data are collected through interviews, the analysis unit
is a sentence.

Then, analysis begins with the coding and the creation of categories based on a
careful review of the interviewee’s transcripts. The process was facilitated by using a
developed codebook to capture the perceptions of key stakeholders. Each interview
was carefully reviewed by three research team members to capture information, and
the collected data were recorded in each category.

4 Findings

All interviewees agreed that cost overrun was the major constraint to the realiza-
tion of this OSC building project. Four main categories were identified as cost
barriers during the design stage. These categories are: the poor communication
between stakeholders, the multiple innovations including modular OSC, changes
in the manufacturer’s responsibilities in the project, and insufficient information
management.

4.1 Communication Issues

Despite the IDP implemented for the project, according to the participants, poor
communication between stakeholders remains an aspect that contributes to the cost
issue. GE revealed that he did not know what tasks he had to do when the service
core would arrive on site, so the estimation was not effective. In addition, Eng noted
that since the pods are manufactured in the factory, the reengineering and operating
costs to produce the pods must be taken into consideration during the estimation.
Reengineering costs may represent between 5 to 50% of the project design costs and
can lead to overruns when not properly evaluated. However, the stakeholders were
not aware and did not have the necessary information to define these costs.

Another relevant communication issue was that the expectations of the stake-
holders were at odds. The client expected the project cost to be lower than traditional
construction the professionals, since it was an innovative project, fully expected that
there would be cost overruns. This finding is consistent with the literature in which
[19] states that unless clients understand offsite processes, their misunderstandings
and prejudices consistently lead to lower prefabricated implementation.
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4.2 Multiple Innovations Including Modular OSC Systems

The local industry lacks experience with mid-rise prefabricated building projects.
Therefore, many technical innovations had to be developed along with the design,
even if theywere not initially accounted for in the project. The pod used in this project
was designed for a single-family house and modifications would need to be made
for it to be used in a larger building. As mentioned by AR, it takes a factory visit to
understand the process of pod fabrication and to establish the required modifications.
Consequently, this represents more design hours, and in turn, a higher design cost.

To shift from single-unit house (single unit pod) to a larger building (multi-storey
pods), several parameters must be considered, such as access management, quantity
and recurrence of units, and the position of the prefabricated system within the
building, as well as mechanical, electrical, and plumbing connections on both sides
and on the top and bottom, and the air sealing of the prefabricated system prior to its
installation in its final position. Figure 1 presents the difference between a single-unit
pod and a multi-storey pod.

Other than the new pods for a multi-residential mid-rise building, other inno-
vations were expected from the team, including the design of a high-performance
building from eco-energetic point of view with a level of performance less than
50 kWh/m2 of living floor area in heating over a full year, which would be an
improvement of more than 50% over the Code for an average single family home.
The client aims to reduce thermal bridges, optimize fenestration and promote the use
of a heat recovery ventilation system.

Fig. 1 Diagram illustrating a single unit pod (left) and multi-storey unit pod (right)
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4.3 Increased Responsibilities of the Manufacturer

Compared to traditional construction projects, the manufacturer’s responsibilities
are greater in prefabricated projects. From playing the role of a supplier, the manu-
facturer now becomes a main actor of the design process, as AR declared. This is
because the manufacturer is now responsible for most of the project components
from the pod size to all the furniture (which are included in prefabricated systems)
and the assembly methodology on site. These criteria influence the construction
methods to be adopted, the energy efficiency of the building and its estimate. These
are the tasks for which the manufacturer becomes responsible, instead of the general
contractor. This change is brought about because of OSC use in this project and it
places the manufacturer at the center of the processes, as mentioned by the client,
“the manufacturer is the main player in the project”. As a supplier, he did not have
the necessary capabilities to respond to these new responsibilities, as the architect
points out, “it was during the project that they realized the challenges of building a
multi-storey pod”. The client also states, “our manufacturers are not familiar enough
with multi-storey pods”. This change introduces variability, which in turn runs the
risk of causing cost overruns. Therefore, it is necessary to clarify the descriptions of
the participants’ responsibilities and tasks in the project. This issue arises from the
fragmented reality of the traditional contractual relationship between stakeholders.

4.4 Insufficient Information Management

Usually, the project’s budget and planning are known as soon as the contract is
signed, but in this project, the budget was not clear for the construction team. The
client expected the project cost to be lower than the cost of traditional construction but
the design teamwas set towork in an innovative perspective. These circumstances are
the probable reasons for higher construction costs. AR acknowledged that innovation
leads to extra costs and Eng admitted that they were not aware of a budget limit so
the decisions taken were believed to be optimal for the budget.

Moreover, as revealed by the manufacturer, the operational costs related to the
factory’s requirements can represent between 5 to 50% of the design costs of a
project. Given the client’s perspective of reducing costs, this was an issue. Eastman
et al. (2008) suggested that the accuracy of design information should be considered
as one of the main requirements in OSC projects.

5 Discussion

Although OSC may offer great benefits from a perspective of quality and process
improvement, in the presented case study,we found an insufficient budget issuewhich
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hampered the realization of the project. This issue is due to poor communication and
immature construction project procedures. Improving communication efficiency can
be achieved by using an information system such as building information modeling
(BIM). Because of its centralized information database, BIM allows anyone involved
downstream to extract the necessary plans and documents to achieve his task and
bring him to the same level of information as all the other stakeholders. BIM improves
coordination and collaboration within a project.

The lack of experienced local stakeholders identified by the client can be addressed
through government incentives, which could encourage the industry to adopt OSC.
As experiences and knowledge are gained, there will be less uncertainty and less
risks of cost overruns. These financial incentives could be in the form of subsidies to
manufacturers who have an OSC business model or training programs given within
the construction industry.

According to the interviewees, cooperative contracts should be used for OSC
projects to ensure transparency between stakeholders. Based on a study carried out
on a range of prefabrication strategies used in North America, Carbone et al. [20]
concluded that a revision of the traditional construction process for a collabora-
tive management process is required to gain higher integration of prefabrication in
construction projects. According to the authors of the study, to successfully benefit
from off-site construction, collaboration between stakeholders and systematic coor-
dination should be the main objectives. This conclusion is confirmed by the inter-
viewees. Thus, collaborative approaches, such as integrated project delivery (IPD)
contracts, would be promising strategies to deploy to help manage OSC projects.

6 Conclusion

This research aimed to investigate the factors that cause higher project costs in prefab-
ricated wood building projects in Québec. In the literature, cost was identified as a
major barrier limiting the use of OSC in mid-rise multi-storey buildings. The case
study of a mid-rise prefabricated building project shows that information manage-
ment, project organization and the OSC paradigm are the current challenges faced
by the industry. A collaborative environment should be adopted early in the design
stage to enhance information gathering. Changes should be made to the contract to
consider the new tasks and responsibilities of participants. We recommend that more
technology be involved in the information exchange based on BIM, thus enhancing
communication and information exchange throughout the processes.
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Management Strategies, Project Teams,
and Value Added Using Lean Project
Delivery for Sustainable, Reliable,
and Effective Construction

P. W. Plugge, H. Dang, and D. Martin

1 Introduction

The process of planning, design, and construction of any major construction project
is a complex endeavor among many stakeholders. To ensure a smooth delivery of
a project, a formal system should be in place to allow all of the stakeholders to
contribute their disciplined related knowledge associated with the job to identify the
cost, schedule, quality, and safety parameters that are integrated to manage the risk.
On any project regardless of the delivery method, the effort to bring a project within
a stated budget, on time, meeting quality standards, and no accidents has shown to
create a level of complexity to meet these goals.

It can be argued that construction projects by their nature are complex operations.
As Plugge [1] illustrates, many different individuals and factors interact during the
construction process. Project complexity is the consideration “of the innumerable
individuals involved in the process startingwith the owner, builder, the design profes-
sional, construction representative, subcontractor, supplier, and the entire profes-
sional and non-professional team members working under these responsibilities”
([2], p. 17). Each professional constructor on a project will manage multiple factors
related to the econometrics, politics, environment, technology, and the project.Davies
[3] argues with respect to complex environments, “there is a very strong need for
more and better implementation studies that can identify the particular conditions
under which successful implementation and delivery takes place or fails to take
place” (p. 13). Key constructs associated with Lean project delivery are centered
around econometrics, politics, environment, technology, and specific project factors.
The Lean project delivery system has been established as a “culture” centered contin-
uous improvement process to create more value for the customer while identifying
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and eliminating waste that allows a team to operate in unison to create project flow
(leanconstruction.org). Through the use of experts in many different elements of
Lean project delivery, this paper attempts to explain gaps in previous research in
how the Lean culture interrelated within management strategies, project teams, and
how Lean brings a value added element to project delivery.

2 Review of Literature

2.1 Project Delivery

Project delivery, also known as project delivery method, is “a system for orga-
nizing and financing design, construction, operations and maintenance activities
that facilitates the delivery of a good or service” ([4], p. 59). Project delivery is
broken into several other categories that define the contractual relationship among
the parties that are involved in the process to construct a project. These relationships
are the basis for the exchange of knowledge, information, evidence, and deliver-
ables to shape the delivery of a project, “typical contractual relationships that brings
together a team for the design and construction of a project include the traditional
approach, owner-builder, turnkey (design-construct or design-manage professional
construction management, and program management (includes program consultant
and integrated project team)” ([5], p. 25). The types of project delivery that are
commonly available include design-bid-build, design-build, construction manage-
ment, integrated project delivery, construction management at risk [6]. While there
aremany project delivery systems available to the owner to organize the stake holders
for a proper delivery of a major construction project it is important to engage all of
the stakeholders with the project early on to create a good flow of information.

It has been well stated with any delivery method construction projects require
several disciplines to coming together to complete a project. As Beck [7] argues
there are certain hidden values that can be identified within a delivery process and
there are many “discontinuities” as a result of bringing several disciplines together
that to be integrated as one entity to complete the end goal creating waste within the
delivery of a construction project. Beck [7] also mentions the fact that examples of
waste within the construction process are commonly centered around the following
examples (p. 32):

• Plans and specifications are insufficiently coordinated and are rarely completed
before construction commences.

• Shop drawings and requests for information (RFIs) are used to complete design
during construction.

• Change orders are frequently a result of the user’s inability to read two-
dimensional plans.

• Drawings do not incorporate recent changes in manufactured components.
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• Most value engineering evolves into a scope reduction effort and rarely takes into
consideration related effects on such things as design.

2.2 Research Related to Lean Project Delivery

Research associated with lean project delivery has been centered around concepts
related to management processes, project team characteristics, and the value added.
Comparisons have also been made with lean construction and lean manufacturing,
while significantly different in the number of products produced, the management
techniques to develop a product to final use are similar. A theoretical model from
concepts created in leanmanufacturing, utilized a case study testing six lean construc-
tion techniques to include the last planner, increased visualization, first run studies,
huddle meetings, the five S’s in Japanese: Seiri, Sieton, Seiso, Seiketsu, and Shitsuke
(i.e., sort, set in order, shine, standardize, and sustain), and fail safe for quality on a
parking garage. The project team researched individuals that held professional roles
as planning team, project manager, subcontractors, foremen, carpenter, and laborers.
Interestingly, the findings on using lean management techniques were centered on
budget, time, quality, and safety. This research showed how lean project delivery
techniques brought the project under budget by three weeks, satisfied subcontrac-
tors on their relationship with the general contractor (GC), no injuries occurred, and
incident rates were below normal for a similar project [8]. It has been well stated
that construction projects carry a certain amount of complexity with the numerous
activities and resources available that must be managed.

Planning constructionprojects as amanagement process have alsobeen researched
related to lean project delivery. Lean project delivery utilizes several different
approaches to organize and manage the ebb and flow of a project. A management
process frequently utilized in Lean project delivery is through the use of Building
Information Modeling (BIM). Studies have shown that architects, engineers, and
constructors (AEC) have found the use of BIM to be beneficial within Lean project
delivery practices along with other technologies. Examples of these technologies
include augmented reality, drones, and advanced building materials that tend to
increase the productivity of the project team to distribute information during the
design and construction process [9]. Heigermoser et al. [9] studied BIM and the
last planner tool for improving project management, they found when combining
BIM and Lean construction practices allowed the constructors to minimize waste
and creating a collaborative environment while providing efficiencies in information
transformation, flow, and value generation for the project stakeholders. In addition
to BIM, the process of value streaming is often used to assist with the management
process in Lean project delivery. Ko and Chung [10] identified within the lean design
process, there is a significant association betweenLean andwaste duringplanning and
design. They summarized that there is a certain flow identified in the design process
for Lean projects starting with preliminary design, basic design, and detailed design.
They established the concept that there is an “organizational learning environment
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within the design flow” ([10], p. 10). A significant finding in this study found that in
order to assist the flow, design experience and the expertise of the actual individuals
on the project affects the quality outcome of the product through value streaming
during the Lean design process.

2.3 Lean Project Delivery

Principles and methodologies associated with Lean production are focused on the
ultimate goal of perfection while eliminating waste. This was done through a process
of “creating value through efficiency, constructive and collective organization, while
using a delicate balance between employee satisfaction through process improve-
ments that create value for a company and the external needs of customers” [11].
Toyota Motor Company has often been cited for creating and implementing the
lean methodology and thinking to that ultimately benefits the end user for business
and increase profits. It should be noted that Henry Ford created some concepts of
Lean with regards to the idea of flow within the manufacturing system. Manufac-
turing engineers Kiichiro Toyoda, Taiichi Ohno, several others at Toyota studied
Ford’s processes to solve problems with “continuity in process flow and a variety of
product offerings” and ultimately created the Toyota Production System (TPS) [12].

With all project delivery methods there are features that make them unique. The
Lean Project Delivery System (LPDS) was first introduced byGlenn Ballard in 2000.
Schottle [13] identifies the key characteristics of the LPDS as the following (https://
leanconstructionblog.com/What-is-the-lean-project-delivery-system.html):

• The project is structured and managed as a value generating process
• Early involvement of downstream stakeholders to plan and design the project

steps through cross functional teams
• Pull techniques are used to manage the information and material flow between

stakeholders
• Buffers are used to absorb variabilities in the production system through global

optimization

Ballard andTommelein [14] conducted researchwithin lean project delivery on the
last planner system of production control and detailed five (5) different benchmarks
for the control process to include master scheduling where the process sets mile-
stones and phase durations and overlaps.Within phase scheduling process of control,
the team will specify handoffs and conditions of satisfaction between processes
and phases. In the look-ahead planning process the team will identify and remove
constraints by breaking down the tasks from processes into operations. Once the
tasks and operations are specified, the next step is to make reliable promises through
commitment planning on key specific project outcomes. Through this process the
last planner will also go through a learning stage to identify countermeasures to keep
on task with the project.

https://leanconstructionblog.com/What-is-the-lean-project-delivery-system.html
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2.4 Lean Terminology

There aremanykey features found inLean construction that are related tomaximizing
efficiency through management processes, project teams, and adding value to the
process. These key features depending on the project can affect the value of a project
by eliminating waste within the management process, depending on the project. All
of these key terms related to the Lean project delivery method can be associated with
management processes, the organization of the team, or value added. Key termsmost
commonly found in the literature are included in Table 1. These adopted definitions
for this study are from the Lean Construction Institute [15] and were commonly
found throughout the literature review process and effectively reflect the Lean project
delivery method’s features.

3 Methodology

This research associated with Lean Construction utilized a qualitative meta-analysis
process to identify the effective strategies that make the Lean Construction project
delivery process an attractive option for project owners to deliver their project within
the budget and time constraints and meet quality and safety standards specified by
industry. As Glass [16] explains, meta-analysis is “the statistical analysis of a large
collection of analysis results from individual studies for the purpose of integrating the
findings” (p. 3). The methodology for this research used over forty (40) documented
articles to identify the integrated concepts associated with the Lean project delivery
system and attempt to provide a broader context as to the common construction
management practices and strategies related to the Lean project delivery process.
The methodology attempted to answer the following research questions:

1. What management strategies have been implemented or identified by owners,
engineers, and contractors in construction using the Lean project delivery?

2. What are the Lean Project Delivery processes are related to the project team?

Table 1 Lean concept items

Economics Time/schedule Cost Quality Safety

People Environmental Last planner Planning Waste

Subcontractor Engineer Architect Owner Relationship

Effective practices Maximization Project team Value added High value

Low value Productivity Sustainability Planning Design

Construction process Social Activities Technology Actual cost

Allowable cost Buffer BIM Pull-planning Politics

Commitment Constraint Flow Work in progress Systems

Phases Mapping Work plan Workflow Consultants
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3. What are the value-added characteristics associated with the process when the
Lean Project Delivery system is utilized?

Qualitative meta-analysis uses an exploratory research process. Routio [17]
explains that the researcher starts with a vague idea of the notion of the project
and through the exploratory research process, develops a clearer picture of ideas
and concepts through the exploratory research process. Cooper and Schindler [18]
state that “through exploration researchers develop concepts more clearly, establish
priorities, develop operational definitions, and improve the final design” as studies
are developed (p. 139). They also argue that “while published data are valuable
resource, it is seldom that more than a fraction of the existing knowledge in a field is
put into writing” (p. 141). Hence, this research will attempt seek information about
Lean construction as it applies to the disciplines of architecture, engineering, and
construction management. Creswell [19] states that the primary focus of qualitative
research is “an inquiry process of understanding based on distinct methodological
traditions of inquiry that explore a social or human problem. The researcher builds a
complex, holistic picture, analyzes words, reports detailed views of informants, and
conducts the study in a natural setting” (p. 15).

A process to develop data on a group of actual projects is challenging to create
due to the proprietary information associated with the projects, owners, contrac-
tors, architects, engineers, and consultants related to associated with these projects.
Therefore, it becomes necessary to develop a set of data from disciplined inquiry
as a “creation that results from the collaboration between the researcher and the
subjects of research in developing mid-range theory and generating empirical results
that advance the interests or increase the capabilities of an identified community”
bridging ideas between academia and practice ([20], p. 12). The qualitative process
used to explore concepts associated with the Lean project delivery system included a
simple factorial analysis approach to identify common itemized themes between arti-
cles and within the suggested article and case study data set. This research approach
is grounded theory in the process of “parsimoniously describing data, factor analysis
explicitly recognizes that any relationship is limited to a particular area of appli-
cability” representing an area of generalization between and amongst the factors
([21], p. 2). Using a structured scoring system, the word themes were prioritized by
the how they much they were related to the three research questions using a Likert
scale associated with management processes, project team, and the potential value
added associated with the lean project delivery. In other words, the research attempts
to expose the wastes and efficiencies related to project management processes, the
people skills associated with the project, and value related to the overall process.
Each of the research questions were analyzed by how much each article related to
the particular research question.
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3.1 Limitations

Aswith any research there are limitations associated with the study. There are several
other papers that discuss Lean project delivery, the authors were limited within
the literature to use articles that pertained to management strategies, teams, and
value associated with Lean project delivery. An elimination process associated with
keywords was used to screen articles to narrow down the information to be specific to
this study. The study was also limited to articles centered around information gained
through United States (U.S.) construction practices related to Lean project delivery.
This is a limitation only because the U.S. construction practices can frequently have
more flexibility in the services offered.

4 Results

All data was categorized based on three key elements associated with lean project
delivery to includemanagement processes, project teams, and value added associated
with the lean delivery system. Reviews of the articles allowed the researcher to
code the articles based on key terms associated with lean delivery to identify the
relationships of management processes, project teams, and the value added with the
associated terms. A priority was placed through a manual process to identify the
frequency of each of the items shown below to indicate their significance within the
articles as they related to lean project delivery.Articles used for this study are refereed
peer reviewed scholarly journals which provide a large group of professionals who
have studied many of the themes in great detail as data used for analysis. Shown
below are items that were used to theoretically code the associations with each of the
research questions grouped by their significance with lean project delivery related
to management processes, project team characteristics, and value added through the
lean project delivery method. Each of the constructs were tested to determine the
relationship of each of the grouped items.

The results varied for each category where themeans (M)were compared to deter-
mine their level of significance within the groups for management processes, project
team characteristics, and value added through the lean project delivery process. In
order to determine the significance of the variables within the groups studied for
management processes, project teams, and value-added statistical means were used
with their appropriate variables as identified inTable 2.Therewas a total of forty-three
(43) peer reviewed articles used for this study related to the Lean project delivery
system a strong Cronbachs alpha of 0.88 was achieved with each of the Lean cate-
gories studied. A factor analysis was performed to confirm the theoretical factors
and find communalities to determine which factors would be correlated. Therefore,
a principal axis factor analysis with varimax rotation was conducted to assess the
underlying structure for forty-three (43) items based the metanalysis of the published
Lean articles (the assumption of independent sampling was met. The assumptions of
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Table 2 Lean project
delivery themes

Management processes Project team Value added

Constraints People Low/high value

Phases Commitment Sustainability

Pull-planning Architect Allowable costs

Work-flow Engineer Environmental

BIM Contractor Quality

Design Subcontractor Time/schedule

Construction process Project team Cost

Mapping Consultants Safety

Effective practices Relationships Efficiency

Planning Social

Buffers Economics

Activity planning Maximization

Work plan Productivity

Relationships Design

Work in progress Technology

Management systems Actual cost

Technology

normality, linear relationships between pairs of variables, and the variables’ being
correlated at a moderated level were checked). Three factors were requested, based
on the fact that the items were designed to index to three constructs: Management
Processes, Project Teams, and Value Added. After rotation, the first factor accounted
for 17.8% of the variance, the second factor accounted for 9.8%, and the third factor
accounted for 7.4%. Table 3 displays the items and factor loadings for the rotated
factors, with loadings less than 0.30 are removed for clarity.

These clustered factors represent the items that show themost communality related
to the Lean project delivery system given the research articles and case studies
reviewed. The items that show a higher loading greater than 0.40 (>0.40) were
used to reduce the total number of items to be analyzed in this study. Items with
the higher loadings within their respective theoretical associations were used to be
recoded due to consolidate and explain their association withmanagement strategies,
project teams, and value added through the Lean project delivery process. Figure 1
shows the items from the exploratory factor analysis process that the researcher used
to develop regression models where most of the factors seemed to be numerically
grouped together based on their loadings and communalities to the constructs of
management strategies project team, and value added. For this study some items
were consolidated from clusters found during the exploratory factor analysis.

As these items were recoded, regression models were created to identify strengths
of the constructs in the theoretical map were truly linked together and explained by
applying numerical values to those items in the exploratory factor analysis. Using the
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Table 3 Factor loadings from principal axis factor analysis with varimax rotation for a three-factor
solution for lean project delivery items (N = 43)

Item Factor loading Communality

1 2 3

Economics 0.499 0.730

People 0.307 0.795

Allowable cost 0.356 0.935

Commitment 0.361 0.453 0.756

Phase 0.697 0.905

Time/schedule 0.536 0.787

Constraint 0.353 −0.588 0.749

Mapping 0.413 0.497 0.784

Cost 0.450 0.480 0.672

Last planner 0.498 0.868

Architect/engineer 0.514 −0.567 0.875

Contractor 0.464 0.363 0.861

Project team 0.498 0.332 −0.445 0.842

Sustainability 0.416 0.898

Activities 0.312 −0.467 0.896

BIM 0.491 0.820

Flow 0.454 0.856

Work plan 0.591 0.753

Quality 0.434 0.904

Owner 0.323 0.812

Work in progress 0.453 0.525 0.779

Work flow 0.391 0.459 0.826

Safety 0.481 0.304 0.847

Waste 0.559 0.356 0.801

Relationship 0.390 −0.333 0.789

High value 0.559 0.703

Design 0.759 0.862

Construction process 0.438 0.814

Actual cost 0.354 0.858

System 0.632 0.785

Pull planning 0.565 0.658

Work in progress 0.453 0.779

Eigenvalues 7.65 4.21 3.19

% of variance 17.8 9.80 7.42

Note Loading <0.30 are omitted. Not all items are shown
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Management Strategies

Effective Practices 
o Pull Planning 
o Work Plan 
o Phases 
o Workflow 
o BIM 
o Mapping 
o Systems 
o Construction Process 
o Design 
o Work in Progress 

Project Teams 

Project Team 
o Architect/Engineer 
o Contractor 
o People 
o Commitment 
o Relationships 

Lean Project Delivery

Value Added

Value Added
o Sustainability 
o Waste 
o Technology 
o Econometrics 
o Cost 
o Time/Schedule 
o Safety 
o Quality 

Fig. 1 Exploratory factor analysis item reduction model

regression model helped to answer the questions to common construction manage-
ment practices associated with Lean construction as to the management practices,
project team, and value added as they are related to the Lean project delivery system.

A regression analysis was used to determine the influences on the three constructs
of management strategies, project teams, and value added as they relate to Lean
project delivery and with the final goal of answering the research questions. For each
construct a One-Way Analysis of Variance (ANOVA) and correlations were used to
determine the significance each construct being analyzed (Tables 4, 5, 6, 7, 8 and 9).

Based on the data that was analyzed for this meta-analysis the three tables show
the significance of each of the constructs being tested. What the articles are trying
to explain are the important constructs associated with Lean project delivery. As can
be seen from the ANOVA tables, the items shown for management practices show
little significant correlation when, F(10,29)= 0.552, p= .839. For value added, there
seems to be a very low significant correlation when, F(7,32) = 0.518, p= .883. Out
of all three constructs, the most significant construct from the article and case study
information is the construct of project teams as indicated by, F(7,32) = 6.774, p <
.001.

Table 4 One-way analysis of variance summary for Management Practices

Source SS Df MS F Sig

Between groups 11.170 10 1.117 0.552 0.839

Within groups 58.73 29 2.025

Total 69.90 39

p = .839
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Table 6 One-way analysis of variance summary for Project Teams

Source SS Df MS F Sig

Between groups 66.50 7 9.50 6.774 0.000

Within groups 44.88 32 1.40

Total 11.38 39

p < .000

Tables 4, 6, and 8 show the interitem correlations for each of the constructs for
management practices, project teams, and value added. These tables provide the
possible relationships for the items within the constructs related to Lean project
delivery. For management practices and value added a review of these tables shows
there are few high value correlations within each of these constructs.

5 Discussion and Conclusion

This meta-analysis provided an opportunity to use peer reviewed research and case
studies as a way to research the communalities related to management strategies,
project teams, and value-added strategies on Lean project delivery. This research
did provide some interesting correlations with respect to the data, through the initial
exploratory factor analysis the communalities seemed to similar results to previous
research performed on Lean project delivery. It should be noted that during the
exploratory analysis process the researchers did consider the idea of crossing some
of the items to a different construct category due to the uniqueness of the item. An
example of this would include the concept of “relationships” which could be closely
correlated to the items of the last planner within management strategies, people
within project teams, and value in value added constructs. Exchanging some of the
items to different constructs could improve the data associated within each of the
constructs.

This research sheds some light on the potential concepts where Lean project
delivery could benefit the construction process. The methodology of this research
quasi-statistically identified previous disciplined research and case studies on Lean
project delivery to explain the important constructs of management practices, project
teams, and value added with Lean project delivery. While the items within manage-
ment practices and value added seemed to indicate they were least correlated, there
was a higher significant correlation associated with the project teams who use Lean
project delivery. This appears to identify the fact that Lean project delivery exposes
the importance of the professional relationships and commitments between and with
the architect, engineer, constructor, subcontractors, and the people who work on the
project. Lean project delivery brings constructors together from multiple different
disciplines to create a workflow that establishes a process to complete a final end
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Table 8 One-way analysis of variance summary for Value Added

Source SS Df MS F Sig

Between groups 12.683 8 1.585 0.518 0.833

Within groups 94.817 31 3.059

Total 107.500 39

p = .833

product, in many cases a unique project that an be rarely replicated. While the mate-
rials and construction methods may differ from project to project, what can be repli-
cated are the management processes deployed by the project teams with an overall
goal to bring value to the project. In summary, the significance of this research leads
to the fact that the project team is solely responsible for the management practices
and the overall value added to the Lean project delivery system. Statistically, data
analyzed from the refereed articles and case studies seem to support this notion.

Future research would find other project delivery methods and study their rela-
tionships with management practices, project teams, and value added with respect
to the delivery method. Related to Lean, other studies would look further into the
weaker correlated constructs in this study to find the key components related to Lean
project delivery that make the management practices and value added an important
feature that would encourage owners to use Lean project delivery as a method to
procure their project. Lean project delivery has been cited to be an efficient delivery
method, studies which bring the key features used in Lean project delivery on heavy
civil projects related to pull planning, value streaming, and BIM modeling would be
of particular interest since many heavy civil projects use the design-bid-build project
delivery method and currently use many of the management practices associated
with Lean project delivery to determine how close of a relationship there may exist
with management practices within different types of project delivery systems. Inte-
grated project delivery is sometimes known by some authors as Lean project delivery,
future research would delve further into the extreme differences and similarities that
exist between these two delivery methods to further define them as separate delivery
methods or how similar they really are in structure. There seems to be evidence that
exists to show the intercorrelations on how management practices, project teams,
and value added that may exist between several different project delivery systems,
not just Lean project delivery.
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Evaluating Risk Indices for Execution
Plans of Construction Activities: Energy
Sources Approach

Ayesha Siddika and Ming Lu

1 Introduction

Construction work is inherently dangerous. Sharp objects, heavy loads, working at
heights, and emphasis on production all give rise to risks for accidents. Good plan-
ning practice along with the implementation of a comprehensive safety program is
necessary for delivering a safe project. A recent study has proposed a matrix of
shaping factors accounting for how accidents arise from a failure in the coordina-
tion between workplace, work team, equipment and material [1]. Numerous studies
have shown that employee involvement in a safety program is essential to safety
performances. Modern planning and scheduling methods include advancements in
cost analysis, resource assessments, and the incorporation of safety in project plan-
ning. Identifying and assessing the hazards and risks in construction operations is an
essential step in safety management [2–4]. Hazard assessment attempts to anticipate
and prevent potential problems from manifesting themselves at the worksite. It is
often far less expensive to prevent problems at the construction planning stage than
to modify the work site later so as to eliminate or mitigate a hazard. Risk index
is generally calculated by assessing the likelihood and severity of a risk entered
subjectively by an experienced safety officer. Conventional project risk manage-
ment approaches in the project feasibility stage emphasize managing business risks
and often ignoring operational risks. However, there are instances of project fail-
ures because of operational risks in terms of technical complexities, contractors’
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and suppliers’ incapability, government red tape etc. Previous studies have analyzed
accident causation in construction and most followed statistical approaches based on
historical accident data. Nonetheless, such data are often scant, ill-structured, and
unsuitable for computing the risk index at activity levels. To address this issue and
reduce the bias of experts’ judgment, a more systematic guideline needs to be formu-
lated to allow for consistency and reduce subjectivity in evaluating the risk index.
Furthermore, before developing the guideline, a question needs to be assessed: why
findings from previous studies remain to be challenging to be implemented by safety
experts in practice. This paper proposes a detailed method for safety risk assess-
ment on activities of a project with regards to the ten major types of energy release
categorized by the American Society of Safety Professionals,they are: Mechanical,
Biological, Temperature, Chemical, Pressure, Electrical, Radiation, Sound, Gravity
and Motion. Finally, a demonstration case is developed to check the applicability of
the proposed method in practice.

2 Literature Review

Construction Job Safety Analysis (CJSA) is a structured method for hazard anal-
ysis and assessment of construction activities. It has been developed within the
framework of research towards a lean approach to safety management in construc-
tion, which requires the ability to predict fluctuating safety risk levels in support
of safety conscious planning and pulling safety management efforts to the places
and times where they are most effective. The method involves identifying poten-
tial loss-of-control events in detailed stages of the activities commonly performed
in construction and assessing the probability of occurrence for each event identi-
fied. The CJSA process comprises three major steps; namely: hazard identification,
probability assessment and assessment of severity. Fung et al. [5] developed a Risk
Assessment Model (RAM) to assist safety management by examining current safety
problems in construction and investigating various types of risks on different work
trades.

Sadeghi and Lu [6] developed amodel that factored accident risks in the context of
the classic time–cost trade-off problem definition. It resulted in an optimum solution
for the time–cost-safety trade-off (TCST) problem. It is noteworthy that a risk index
is developed to add safety assessment to the decision-making process based on the
critical pathmethod. TheTCSTproblemwas formulated as a nonlinear programming
model, which was further demonstrated and validated in a case study with a few
hypothetical what-if scenarios. This study revealed that the imposition of risk index
would markedly affect the resulting TCST problem optimum solution.

Aminbakhsh et al. [7] proposed a novel framework based on the theory of cost of
safety (COS) model and the analytic hierarchy process (AHP) in efforts to facilitate
safety risk assessment. This framework presents a robust method for prioritizing
safety risks in construction projects, aimed to create a reasonable budget and set
realistic goals without compromising safety. According to the COS model, there is a
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theoretical equilibrium point at which the total costs of prevention and detection are
equal to injuries’ total costs, reflecting the optimum investment. The COSmodel also
supports the presumption that a certain safety risk level is considered acceptable to
maintain an organization’s financial stability. The proposed framework first divided
the decision problem into a hierarchy of more easily comprehensible sub-problems,
each of which was analyzed independently. The elements of the hierarchy were
identified in accordance with construction safety risk problems. Once the hierarchy
was built, experts assigned a numerical scale to each pair of alternatives by making
a pairwise comparison with respect to impact on the element placed in the higher
level in the hierarchy. A priority index for each expert’s judgment was determined by
converting evaluations of risks into numerical values. Then, based on the processed
weights of the AHP, numerical values were compared and risk itemswere prioritized.

Tian et al. [8] proposed the fuzzy analytic hierarchy process (AHP) method to
evaluatework safety in hot and humid environments. It was difficult for crisp numbers
to measure behavioral and qualitative factors, such as safety training and personal
protection. The human assessment of qualitative attributes was subjective and thus
imprecise. Therefore, conventional AHPwas inadequate to capture decision-maker’s
requirements explicitly [9]. In order to model this kind of uncertainty in human pref-
erence and capture human reasoning, the principle of fuzzy logic was introduced.
Trapezoidal fuzzy numbers were utilized to handle inherent uncertainty and impre-
cision of the data involved in the decision process. With the proposed methodology,
a decision group was first established. A safety evaluation framework containing
three factors (work, environment, and workers) and ten sub-factors were established.
The fuzzy weights of the factors and sub-factors were calculated based on pair-
wise comparisons. Then the fuzzy evaluation vectors of the sub-factors and factors
were calculated according to the initial evaluation data. Therefore, the comprehen-
sive safety index, safety grade and early warning grade were determined using an
example to demonstrate the practicability and effectiveness of this method.

3 Risk Factors

Based on the review of previous studies, it is found that the input information used for
differentmethods of analysis is either sourced fromaqualitative surveyof the industry
experts or from historical data-based analysis. The major drawback of this procedure
is that the extracted information may vary from person to person as the factors
considered can be different. A generic categorization of risk factors is desired to
increase consistency and reduce subjectivity in eliciting information on safety risks.
According to the American Society of Safety Professionals principle, energy sources
for injuries and losses in the construction industry are classified into ten significant
categories [10]. Related risk factors in connection with these energy releases can be
analyzed for safety risk assessment. A checklist is given considering these factors to
address all the possible risks (Table 1).



188 A. Siddika and M. Lu

Table 1 Checklist to assess safety risks on construction activity by energy sources for injuries and
loss

Serial No. Type of factors Related risk factors Description

1 Mechanical Rotating equipment It must be checked whether
there are any guard and devices
to prevent access to dangerous
areas

Compressed springs

Drive belts

Conveyors

Motors

2 Motion Vehicle speed, collisions and
sudden stops

A wide variety of mechanical
motions and actions are
hazardous to workers. So, risk
needs to be checked on
mechanical motions and actions

Vessel or equipment movement

Flowing water

Wind action

Body positioning

Lifting

Straining

Bending

3 Gravity Falling object It needs to be checked whether
there is any measure to control
gravitational hazards by
understanding the magnitude of
forces

Collapsing roof

Body tripping

Falling from a height

4 Sound Impact noise As there is no effective
treatment for hearing loss, needs
for hearing protection and the
scope of noise should be
checked to avoid exposure to
loud continuous noise; workers
wearing hearing protection or
not; reducing work time around
loud noises

Vibration

High-pressure relief

Equipment noise

5 Radiation Lighting issues The sources of energy emitted
from radioactive elements and
naturally occurring radioactive
materials need to be identified
for addressing risks

Welding arc

X-rays

Solar-rays

Naturally occurring radioactive
materials

Non-ionizing sources

6 Electrical Power lines How vulnerable the site is
subject to the presence and the
flow of electric charge should be
checked

Transformers

Static charges

Drive belts

Conveyors

Motors

(continued)
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Table 1 (continued)

Serial No. Type of factors Related risk factors Description

7 Pressure Pressure piping Whether there are any regular
monitoring and maintenance in
place to identify leaks from high
pressure hydraulic lines, hoses,
tanks, etc. needs to be checked

Compressed cylinders

Control lines

Vessels

Tanks

Hoses

Pneumatic and hydraulic
equipment

8 Chemical Flammable vapors Chemical hazardous materials
should be handled carefully. So,
the potential of hazardous
chemical reactions should have
been checked to assess this risk

Reactive hazardous materials

Carcinogens or other toxic
compounds

Combustibles

Corrosives

Pyrophoric materials

Inert gas

Welding fumes

Dusts

9 Temperature Open flame and ignition sources The temperature of the worksite
needs to be checked in order to
assess associated risks

Hot or cold surfaces

Liquids or gases

Friction

Bad environmental condition

Steam

Extreme or changing weather
condition

10 Biological Bacteria Any risks that come from the
biosphere needs to be checked:
whether the employees working
around other people who may
have diseases or around animals
and insects or working around
potentially hazardous pathogens
or sewers etc. or any hazardous
materials in the working
environment that need to be
cleaned up regularly

Animals

Viruses

Insects

Bloodborne pathogens

Contaminated water

Any other risks stemming from
the biosphere-like people, plants
or animals
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4 Risk Index Evaluation Methodology

The evaluation of hazards and risks can be conducted by systematically implementing
risk assessment, inspection, and field level surveys aligned with the proposed check-
list (Table 1).While collecting data, it needs to be confirmed whether the project plan
considers the associated tasks or scopes of work relevant to those risk factors iden-
tified above. If the answer is ‘Yes’, the magnitude of the factors should be assessed.
The following procedure can be followed to guide the calculation of the risk index
value on a project activity.

4.1 Calculation of Risk Index for Individual Factors

To calculate the average risk index for each risk factor mentioned in Table 1, the
probability and severity for the occurrence of the factor need to be fixed at first based
on the particular project situation. The following rating systems (Tables 2 and 3)
to assign risk point for each particular factor can be utilized. Equation 1 is used to
consolidate the risk index value for each category of risk factors.

Risk Index for each individual factor,

RIi =
n∑

i=1

Pi ∗ Si (1)

Table 2 Severity index scale to assign risk point for each factor (Source ACS 11)

Value Qualitative value Remarks

10 Catastrophic Multiple permanent injuries or irreversible health effects to the
workers
An event that impacts the construction operation and causes
substantial delays
The incident leading to death

8 Major Major injury leading to long-term incapacity or disability
Requiring time off work for >14 days

6 Moderate Moderate injury requiring professional intervention
Requiring time off work for 4–14 days
Agency reportable incident
An event which impacts on a small number of workers

4 Minor Minor injury or illness requiring minor intervention
Expected delay <3 days

2 Negligible Minimal injury requiring no/minimal intervention or treatment
No delays
Minor property damage

0 No risk No injuries, damage or delays
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Table 3 Probability scale to assess the risk of each factor [12]

Probability score Description Probability Remarks

1.00 Certainty 1 Certain to occur

0.95–0.99 High > 0.95 < 1 Extremely sure to occur

0.85–0.95 High > 0.85 <= 0.95 Almost sure to occur

0.75–0.85 High > 0.75 <= 0.85 Very likely to occur

0.65–0.75 High > 0.65 <= 0.75 Likely to occur

0.55–0.65 Medium > 0.55 <= 0.65 Somewhat greater than an even chance

0.45–0.55 Medium > 0.45 <= 0.55 An even chance to occur

0.35–0.45 Medium > 0.35 <= 0.45 Somewhat less than an even chance

0.25–0.35 Low > 0.25 <= 0.35 Not very likely to occur

0.15–0.25 Low > 0.15 <= 0.25 Not likely to occur

0.00–0.15 Low > 0.00 <= 0.15 Almost sure not to occur

Here,

RIi Risk Index for each type of energy release.
Pi Probability of each factor.
Si Severity of each individual factor.

4.2 Calculation of Risk Index for Each Type of Energy
Release

The risk index calculation for each individual energy source is derived through the
following mathematical Eq. 2. Herein, the risk index value for each type falls on the
range of 0–10.

Risk Index for each type of energy release =
∑10

i=1 RI i

n
(2)

Here,

RIi Risk Index for each individual factor.
n Total number of factors in each type of energy release sources.

4.3 Calculation of Risk Index for Each Activity

The risk index is calculated by adding up all the values for each risk factor associated
with the activity. The final risk index value ranges from 0 to 100. Equation 3 has
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Table 4 Interpretation of risk index value (Source NIST [13])

Qualitative values Quantitative values Description

Very high 96–100 Very high risk means that a threat event could be
expected to have multiple severe or catastrophic
adverse effects on construction operations, assets,
individuals, other resources

High 80–95 A threat event could be expected to have a severe or
catastrophic adverse effect on the operation of that
specific activity

Moderate 21–79 A threat event could be expected to have a serious
adverse effect on the operation of that specific
activity

Low 5–20 A threat event could be expected to have a limited
adverse effect on the operation of that specific
activity

Very low 0–4 A threat event could be expected to have a
negligible adverse effect on the operation of that
specific activity

been used to calculate the final risk index for a specific activity. Interpretation of the
final risk index value can be illustrated by Table 4.

Risk Index for Individual Activity =
∑

[Risk Index of Each Type of Energy release]
(3)

5 Case Study

5.1 Project Description

For concept proof, a case study is described for checking the applicability of the
model in the construction field. The case pertains to the painting operation of a
bridge construction project. With numerous complex activities associated with a
bridge construction project, painting operation was chosen to illustrate the risk index
calculation. With environmental, health and safety related concern, painting a bridge
structure was an expensive operation. Coating failures are mostly caused by either
deficient surface preparation or coating application. Painting operations generate
dust, solvent fumes, and noise. So, environmental constraints governing the project
are crucial, along with proper and safe disposal of abrasive material applicable to
existing paint removal according to the applicable laws and regulations [14].
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Table 5 Risk factors associated with painting operation

Type Risk factor associated Description

Mechanical Presence of rotating equipment There was no guard and devices to
prevent access to danger areas

Motion Vessel or equipment movement An abrupt movement of trucks and
cranes; high wind; flowing water under
bridge

Flowing water

Wind action

Gravity Falling object No guardrail systems with toe boards
and warning lines or install control line
systems to protect workers near the
edges of floors and roofs

Electrical Power lines New energized (hot) electrical circuits
without all power shut off and attached
grounds

Temperature Steam Near a hot spring, hot steam presence.
Weather condition is unpredictable on
the site

Extreme or changing weather condition

Chemical Welding fumes and spills of chemicals Hazards associated with chemicals
which can cause chemical burns,
respiratory problems, fires and
explosions

To calculate the risk index value for this specific activity, the associated risk factors
were identified first and then the proposed methodology was applied to estimate the
final index value (Table 5).

5.2 Risk Index Evaluation

After identifying all associated risk factors, the probability and severity of each factor
were assigned by those who were responsible for recognizing hazards and taking
effectivemeasures to prevent injuries, and cultivate a safety culture at the construction
site (e.g. managers, supervisors, safety coordinators, construction foreman, and the
site engineers). Following the risk index evaluationmethodology, the risk index value
is calculated, given in Table 6.

5.3 Discussion

The calculated total risk index value for the painting operation on the bridge construc-
tion project is at 24.8, which indicates the moderately low value of risks. It is inter-
preted as a threat event that could have a serious adverse effect on the operation of
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Table 6 Risk index calculation

Type Risk factor Severity Probability value Risk index
for each type
of energy
release

Mechanical Presence of
rotating
equipment

Major 8 Very likely to
occur

0.85 6.8

Motion Flowing
water

Moderate 6 Somewhat
greater than
an even
chance

0.65 3.45

Wind action Minor 4 Likely to
occur

0.75

Gravity Falling
object

Moderate 6 Not very
likely to
occur

0.35 2.1

Electrical Power lines Minor 4 An even
chance to
occur

0.55 2.2

Temperature Steam Catastrophic 10 Almost sure
to occur

0.95 9.75

Extreme or
changing
weather
condition

Catastrophic 10 Certain to
occur

1

Chemical Welding
fumes and
spills of
chemicals

Negligible 2 Not likely to
occur

0.25 0.5

that specific activity (according to Table 4 of the Risk Index EvaluationMethodology
section).

6 Conclusion

The construction industry continues to make inroads regarding achieving safe, reli-
able, and sustainable operations in the field. Safety remains a major concern in the
construction industry. At the project planning and scheduling stage, there is a prac-
tical need to identify the hazards and assess the associated risks. Hazard identifica-
tion and risk assessment are carried out by identifying undesirable events that could
lead to a hazard, analyzing inherent risks, and estimating its extent, magnitude, and
the likelihood of harmful effects. Numerous risk assessment techniques contribute
significantly toward improvements on the safety of complex operations and activities
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in construction. Still, there is room for enhancement in terms of quantifying the risk
index value, which can be used to identify the severity of any associated risks activity
of the construction project. The case study in this research is limited to one specific
activity (the painting operation of a bridge construction project). Therefore, consid-
ering a complete project and assessing associated risk factors of project activities
could give rise to the risk index value of the overall project.

The energy sources-based approach provides a new structured framework model
to address complex occupational health and safety (OHS) related risk evaluation,
which serves as a potential new standard to classify, identify, and assess OHS risks
on construction projects. However, in the proposed index evaluation method, each
particular energy source’s risk assessment on a project still utilizes the conven-
tional technique that can be subjective and dependent on individual experts. Formal
brainstorming sessions would be effective in reconciling discrepancies resulting
from subjective assessment. The ensuing research will address such limitations by
providing more specific and quantitative guidelines for risk index assessment in
particular application domains. For instance, in tunneling, certain energy sources
would be quantitatively analyzed based on physical configurations and equipment
used on site. Respective energy sources will also be elaborated in the project
specific context and further analyzed, instead of only counting on domain experts’
experiences.
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Effective Safety Protocols and Project
Productivity Impacts for Construction
Companies in Washington State During
the COVID-19 Pandemic

J. Serne and H. Dang

1 Introduction

The novel coronavirus disease 2019 (COVID-19) is a contagious respiratory illness
caused by a new coronavirus (i.e., SARS-CoV-2) infection [1]. Found Wuhan City
in China in December 2019, the COVID-19 quickly spread all over the world. The
United States reported the first confirmed case in Seattle, Washington, on January
22, 2020. Many other states quickly confirmed more and more cases. The United
States became the center of the COVID-19 pandemic with 20% of the accumulative
confirmed case in and after May 2020. Figure 1 illustrates the confirmed new cases
every day and the seven-day average new cases between January 22, 2020, and
February 20, 2021 [2]. As of February 20, 2021, the number of accumulated deaths
was 504,971. The highest was 306,524 on January 8, 2021, with a seven-day average
of 261,321 confirmed new cases. The symptoms include but are not limited to fever
or chills, cough, shortness of breath or difficulty breathing, fatigue, muscle or body
aches, headache, the new loss of taste or smell, sore throat, congestion or runny nose,
nausea or vomiting, and diarrhea. The Centers for Disease Control and Prevention
[1] suggests seeking emergency medical attention for warning signs such as trouble
breathing, persistent pain or pressure in the chest, new confusion, inability to wake
or stay awake, and bluish lips or face [1].

The COVID-19 pandemic certainly affected every industry in the United States,
particularly the construction industry. In addition to the emergency plan to respond
to the pandemic, many construction projects were either temporarily on held or
permanently completed. All 50 States required all non-essential enterprises to be
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Fig. 1 COVID-19 new cases and seven-day averages in the United States as of February 20, 2021

Fig. 2 COVID-19 new cases and seven-day averages in Washington state as of February 20, 2021

closed to the public. Figure 2 shows confirmed new cases every day and the seven-day
average new cases between January 22, 2020, and February 20, 2021 [2].

After thesemandated shutdowns,Washington construction companies couldwork
on only a handful of essential construction projects. Additionally, even some essential
jobs closed because they could not complywith theCenter forDiseaseControl (CDC)
newly recommended guidelines. The recommended CDC guidelines for keeping you
safe from the COVID-19 pandemic are expected to be followed: (1) cleaning your
hands (hand sanitizer is acceptable if >60% alcohol), (2) avoiding close contact with
others (required six-foot radius), (3) covering your nose and mouth (especially when
sneezing and coughing), and (4) cleaning and disinfecting all surfaces.

2 Literature Review

COVID-19 continues to be a rapidly emerging and developing public health emer-
gency, so there is very little literature on the impact of COVID-19 on the construction
industry. This lack of scholarship was particularly prevalent when this study began
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in March 2020, which marked the beginning of the US pandemic of COVID-19. At
this time, the first response to the pandemic in Washington State was to effectively
close all business activities, including construction, except that specific projects were
considered essential. A small amount of existing literature suggests that the suspen-
sion of construction work was a common action taken by many governments both in
the United States and internationally during this time [3–5].

In Washington State, those construction projects which were deemed essential
and therefore continued to operate were suddenly tasked with the difficult charge of
maintaining the health and safety of their workers and preventing the spread of the
novel virus among their crews. Concerns about the ability to maintain safety forced
some job sites, which could have remained open as essential construction projects,
to cease operations simply because they were unable to comply with the guidelines
of the Center for Disease Control (CDC). The guidelines were the only guidance
available at the time for controlling the hazards of COVID-19. However, shortly after
the shutdown, theWashington StateDepartment of Labor& Industries (L&I) issued a
bulletin entitledDealingwith COVID-19 (coronavirus) in Construction. This bulletin
from the state agency tasked with oversight for worker health and safety included
guidance for keeping construction personnel healthy on essential work sites while
the rest of construction projects were still at a halt due to the shutdown. This guidance
which covered fourmajor topics, “Ideas for Social Distancing onConstruction Sites,”
“Employer Actions,” “Employee Actions,” and “Respirator Conservation,” was very
similar to the policies and guidelines formulated by the World Health Organization
(WHO). Literature suggests these policies and guidelines be implemented in the
construction industry in other parts of the world [5]. However, other nations, such
as South Africa, have implemented a rule requiring construction sites to follow
the WHO guidelines [5]. This was not the case with L&I’s guidance, as it did not
constitute a formal regulatory process. In fact, the bulletin even stated that “L&I
does not require all employers to make their employees aware of the risks associated
with [COVID-19]” [6]. Thus, although this bulletin provided the industry withmuch-
needed advice to maintain the health and safety of workers, it was not enforceable
and merely constituted an attempt by L&I to maintain the safety of essential workers
while the Governor’s office was developing a more in-depth plan.

The first topic, ‘Ideas for Social Distancing on Construction Sites,’ provided
suggestions to ensure that social distancing was followed during essential gather-
ings and meetings that must occur on construction sites, such as mandatory training
sessions and toolbox talks. When this bulletin was distributed, the gatherings were
restricted to 10 or fewer people with a recommendation for a 6-foot distance between
individuals. To this end, the guidance for gatherings on construction sites recom-
mended that all meetings be split into multiple sessions to allow for minimizing
groups to 10 people or fewer. The guidance also suggested that meetings should be
held outdoors whenever possible, regardless of size. Working with subcontractors to
change schedules so that crews could have staggered work shifts was also recom-
mended, as were other efforts to minimize the number of workers on a single job
site. Also, guidance was provided for the use of equipment that could place people in
proximity, such as lifts and elevators. The guidance recommended that the use of such
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equipment should be avoided and that only one person should use such equipment at
one time if elimination is not possible. The guidance also suggested the selection of a
“Social DistanceMonitor similar to a safety monitor” [6]. The purpose of the “Social
Distancing Monitor” was to enforce and remind workers of the recommendations
set forth by L&I. It was suggested that employees choose a person who can lead by
example in a positive way, such as a foreman or other supervisor.

The second set of recommendations in the L&IBulletinwere related to “Employer
Actions.” The first recommendation in this section suggested that employers should
ensure that workers are fully educated about the COVID-19 virus, such as hand-
washing and social distancing, and kept up-to-date on the rapidly changing CDC
guidelines. This section also included recommendations on handwashing, including
training, handwashing station installation and maintenance, and frequent cleaning
of common touch-point areas. Handwashing recommendations were followed by
guidance on health check procedures for employees, including temperature checks.
The third category of recommendations in Dealing with COVID-19 (coronavirus)
in Construction covered “Employee Actions.” These recommendations consisted
of suggestions to encourage employees to apply the workplace standards to their
personal lives. Topics included proper coughing and sneezing etiquette, handwashing
before touching the face, proper hand cleaning, avoiding sharing items such as food,
phones, tools, and PPE, and staying at home when sick.

“Respirator Conservation” was the last area of recommendations in the bulletin
and served as an attempt to set guidelines for respirator use that would reserve
certain types of respiratory protective equipment for use in the healthcare setting by
encouraging the construction industry to forgo their use. These recommendations
were based on the Center for Disease Control’s (CDC) guidance, which eschewed
the wearing of facemasks for healthy people and was appropriate for a nationwide
shortage of masks for healthcare workers existed. L&I also recommended against
the use of masks unless it was a required piece of the PPE for the given work.
Additionally, they suggested postponing non-essential construction work requiring
types of respiratory protection that were in short supply because of the lack of masks.

Approximately one month after L&I posted their bulletin, the Governor of Wash-
ington State, Jay Inslee, instituted the first actual construction legislation related to
COVID-19 on April 23, 2020. In contrast to L&I’s bulletin, Governor Jay Inslee’s
Phase 1 Construction Restart COVID-19 Job Site Requirements did establish regu-
latory mandates. Enforcement of Phase 1 was to begin on May 5th, 2020 and at
that time it was predicted that the state would not be expected to move to a less
restrictive Phase 2 until late May or early June of 2020. This gave contractors in
Washington State only 12 days to fulfill the requirements of this new mandate on
their construction sites. Inslee’s requirements beganwith the statement, “Any existing
construction projects complying with the points below may resume only those work
activities that do not require workers to be closer than six-feet together” [7]. In cases
where the workers were unable to maintain this 6-foot distance during the regular
operation of the work, the work was considered high risk and was not authorized.
Additionally, Governor Inslee’s plan required all contractors to create, develop, and
post a COVID-19 exposure control, mitigation, and recovery plan at each job site [7].
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Failure to post a plan would result in the closure of the job site and sanctions by the
state and local authorities. Phase 1 included seven main categories of requirements
to be followed to legally reopen the construction site, including “COVID-19 Site
Supervisor,” “COVID-19SafetyTraining,” “SocialDistancing,” “Personal Protective
Equipment (PPE)—Employer Provided,” “Sanitation and Cleanliness,” “Employee
Health/Symptoms” and “Job Site Visitors.” Sites were only legally allowed to reopen
if they were able to meet all seven categories of requirements.

The first requirement of the Governor’s mandate was that any reopening of
construction sites should have a “COVID-19 Site Supervisor.” This site supervisor
was required to be present at all times and at all job sites, except for single-family
home construction jobs with fewer than six people on site. The second requirement
to comply with the reopening of construction sites was the establishment of a specific
safety training program for COVID-19 to ensure that all employees understood the
requirements of the new rule. This mandate explicitly required that this COVID-19
specific safety training take place on the first day that all contractors returned to
work. These training meetings be continued weekly with six-foot distances required
between the participants. These ongoing meetings aimed to ensure that employees
were fully aware of all protective measures and kept up-to-date on rapid changes to
the recommendations and rules.

The next requirements were related to “Social Distancing.” The CDC had begun
to recommend a six-foot separation as a minimum for social distancing at the time
of the rulemaking. These recommendations also called for extra precautions during
deliveries to job sites, such as minimal cross-contact between paperwork and pens.
The rule also required that “choke points” and “high-risk areas” be identified and
pointed out to employees and that staff breaks and lunches be taken in shifts to
minimize the number of people in gathering areas. The fourth set of rules applied to
‘Personal Protective Equipment (PPE)—Employer Provided.’ These PPE require-
ments were not intended to replace possible stricter PPE requirements for a specific
construction task but mandated specific PPE to be worn for tasks that do not typically
require PPE, such as latex gloves and masks and face shields. The lack of masks,
gloves, and other PPE required at this time caused some contractors to shut down
job sites due to the inability to provide the required PPE.

“Sanitation and Cleanliness” was the fifth category of requirements under Phase
1 Construction Restart COVID-19 Job Site Requirements. All job sites were required
to have an abundance of handwashing stations, whether permanent or portable, per
WAC 296-155-140 2(a)–(f). It was further mandated that the soap supplies should be
checked and restocked frequently.Alcohol-based hand sanitizerswithmore than 60%
ethanol or 70% isopropanol could also be used but were not considered as a replace-
ment for regular water-based handwashing facilities. Contractors were also required
to post reminders around the job site to prompt employees to clean their hands using
the proper washing technique. In addition to the washing stations, contractors also
had to have disinfecting supplies available to sanitize frequently handled items such
as equipment, tools, door handles, and railings.

The second and final requirement of the Phase 1 ruling covered “Employee
Health/Symptoms” and required employers to allow employees to work from home
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whenever possible and take steps to encourage employees to stay at home if they
have any kind of illness. In addition, employees were required to report ill family
members to their supervisor, even if they did not experience any symptoms. Those
with ill household members were required to self-quarantine before returning to
the workplace. All employees coming from outside Washington State to work on a
project were required to self-quarantine for 14 days before reporting for duty. In addi-
tion, temperature checks, preferably using a non-contact thermometer, were required
before employees could enter their job site. The temperatures of employees had to
be recorded and it was mandated that employees with a measured body temperature
of 100.04 °F were to be sent home. If an employee on a job site happened to contract
COVID-19, it was required that the contractor sanitize all things that person may
have come in contact with. The last requirement of Governor Inslee’s Phase 1 plan
for construction covered “Job Site Visitors.” This Directive required all and every
visitor to sign in and sign out of the workplace daily. Contractors were required to
keep official records of all visitors’ names, phone numbers, and email addresses for
at least four weeks.

At the time this study commenced, most job sites that had been allowed to reopen
had only been open for a week. With only one week of experience with the new
mandates to draw from, the feasibility of implementing these requirements or their
efficacy in helping to prevent the spread of COVID-19 was somewhat unclear. In
addition, the COVID-19 situation continued to evolve rapidly, and contractors were
only given a 12-day window to make the necessary changes to reopen all jobs. At
the time, it was difficult to determine what the impact of these new rules would
have on the industry or how many contractors would have been able to comply
with them to reopen their work sites. Besides, the general perception of the industry
towards the Phase 1mandates was unknown. Therefore, this researchwas undertaken
to determine how the contractors were dealing with the situation and potentially
discover new ways of successfully navigating these unprecedented conditions.

3 Research Design

The authors used a sequential explanatory mixed-method approach to investigate
effective safety protocols and project productivity impacts for construction compa-
nies in the state of Washington immersed in the COVID-19 pandemic. The initial
quantitative study collected survey responses inMay 2020. The following qualitative
study conducted interviews in February 2021.

3.1 Quantitative Surveys

The authors have developed a survey to collect data from construction contractors.
The survey consisted of eight questions related to the impact of the COVID-19



Effective Safety Protocols and Project Productivity … 203

pandemic and effective safety protocols. The survey was distributed to 25 construc-
tion companies in Washington State through the Washington Network of Associ-
ated General Contractors in May 2020. Each company representative was asked to
forward the survey to the safety managers in the distribution. Of the 25 construc-
tion companies, 16 responded to the survey at a response rate of 64%. Twelve
commercial contractors and four heavy civil contractors were present. Besides, the
authors collected data from theWashington State Department of Transportation staff
(WSDOT).

3.2 Qualitative Interviews

In February 2021, the authors collected three qualitative interviews from construc-
tion safety managers overseeing major heavy civil construction projects and smaller
residential and commercial construction projects in Washington State. The inter-
views included four open-ended issues related to the impact of the Government
shutdown on construction activities and projects, as well as new public health regu-
lations and safety protocols, including voluntary and innovative measures that have
been identified as being most effective in alleviating the negative impact and risk of
COVID-19.

4 Results and Discussion

Synthesized and validated results of surveys and interviews concluded the impact
of the COVID-19 pandemic, effective safety protocols, and construction project
productivity.

4.1 The Impact of COVID-19 Pandemic

The COVID-19 pandemic has had a significant impact on construction projects in
Washington State due to increased safety requirements. Figure 3 shows the heat map
of active construction projects basedon survey responses inMay2020 and the number
of confirmed cases for approximately 140 construction projects between March and
December 2020. The most active construction projects were in the counties of Pierce
and King. Some counties had several active construction projects. Others may not
have an active construction project. There was a total of 30 confirmed COVID-19
cases, six in Pierce, five in King and four in Kittitas County.

Survey participants were asked if they did not meet, met, or if they exceeded
the Phase 1 Protocol standards for the reopening of construction activities mandated
by Governor Inslee. Participants were asked to briefly state why their company
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Fig. 3 Heat map of active construction projects based on survey responses and numbers of
confirmed cases on construction projects from WSDOT

complied with or exceeded Phase 1 compliance. All the participants who said that
their company met the requirements of Phase 1 summarized that they closely moni-
tored all the Governor’s announcements and followed all the rules set out therein.
The 31%who responded, exceeding the standards, all mentioned that they had essen-
tial jobs that were up and running while everything else was shut down. Therefore,
these companies were able to identify additional safety protocols that their company
considered necessary, whether it was an extra distance between workers or an extra
step in the sanitation of the workplace. Figure 4 illustrates the perspectives of the
safety manager on the adequacy of the standard to ensure that construction workers
in the field are safe and healthy. 72% of survey participants believe that the require-
ments are to keep the workforce safe, but 28% believe that more can be done. Some
would think that it should be 100% one way or the other since the participants are
in the same field of work and all have the same goal of keeping people safe. There
are many different views on COVID-19, which could be the reason why not 100%
of safety managers are on one side.

Statistics indicate that the mandated protections did keep construction workers
safe from Covid 19. Table 1 compares WSDOT construction project COVID-19
Cases between March and December 2020 with the number of infections and rates
within Washington State overall. There were only 30 reported positive COVID-
19 tests amongst the 140 active construction projects and approximately 5,000
personnel, including both contractors and WSDOT workers.
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Fig. 4 Safety manager’s perspectives on the adequacy of the standard to keep construction field
workers safe and healthy

Table 1 A comparison
confirmed COVID-19 cases
and infection rate between
WSDOT construction
projects and the overall state

Description WSDOT
construction projects

The overall state

Confirmed
COVID-19 cases

30 246,376

Approximate number
of people

5,000 7,200,000

Infected people per
thousand

6 34.2

Inflation rate 0.006 0.0342

4.2 Effective Safety Protocols

The initial outbreak and ongoing surges of the novel coronavirus (COVID-19)
required the construction industry to adopt rigorous and innovative safety protocols.
Initially, many projects were put on hold, and only essential projects could continue
after proper safety measures were put in place. The authors collected documents
and interviewed construction safety managers in Washington regarding the safety
protocols and practices they implemented in construction projects during the early
days of the pandemic and the impact of these practices on the workforce and produc-
tivity. The data analyzed revealed several effective safety protocols and innovative
strategies in response to the pandemic.
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As discussed in the literature review, the Phase 1 rules of Governor Jay Inslee
required companies to implement safety measures in seven main categories. These
additional protocols mandated by Phase 1 were legally required to be implemented
at every active construction site. Survey participants were asked how much focus
their company had placed on each category. These results are shown in Figure 5 and
reflect how companies handled the new requirements at the onset of the pandemic
by indicating how much the company’s focus is on implementing the mandated
requirements to reopen its work sites. Most companies reported that they had placed
an average or above average amount of focus in each category, although one company
did not select a target for all seven categories, which was clearly an anomaly. The
results show that the implementation of these new safety requirements has added a
lot of workload to the day-to-day activities of the company. Implementation of these
mandates required significant investment in time, money, and materials before work
could be restarted and revenue from projects could be restored. This stretched the
resources of the companies and, due to the additional resources needed to meet all
the new sanitation, PPE, and social distance requirements, 81% of the companies
surveyed reported that they could not open all the jobs that had previously been active
in COVID-19. The remaining 19% who stated that they were not affected indicated
that this was because all their active operations were considered to be essential at the
start of the pandemic and therefore did not require a shutdown.

The 81% of companies that reported not yet operating 100% had similarities.
Although they were slowly opening up jobs, there were significant challenges that
prevented them from meeting the phase mandates at a level that would allow for
full reopening. One participant stated that they had begun a “roll start” in that,

Fig. 5 Survey responses on safety focus of Governor Inslee’s seven categories for reopening
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although all their job sites had been reopened to a large extent, there were limiting
factors such as the need for PPE and other equipment or materials needed to meet
phase 1 requirements successfully. Another company reported that some projects
had been asked to remain closed because they did not want to cover the cost of
unproductive or slower production. Some companies reported that they remained
fully functional. However, these companies represented entities with only essential
worksites that had never been fully shut down. Overall, the survey indicated that the
Phase 1 requirements had an impact on the construction industry and that companies
appeared to be investing a lot of resources in implementing safety protocols. In
addition, many companies indicated that they needed more time to implement the
new requirements at all their job sites, and those companies that were able to continue
towork on key jobs in compliancewith the L&I newsletter were able to reopen earlier
than those that had experienced a complete shutdown.

Several themes on which safety protocols were effective and some innovative
approaches to meeting these protocols emerged from the interviews. In response to
Governor Inslee’s Phase 1 rule, all interviewees mentioned challenges related to the
need to develop complex and integrated safety plans. The timeframe for completion
of these plans ranged from three weeks to three months. The fastest turnaround
times were for companies that had avoided a complete shutdown and had already
implemented L&I’s guidance. One participant noted that their own plan had been
drawn up based on WHO guidelines even before L&I’s guidance bulletin had been
circulated due to considerable foresight from their organization, butmost participants
reported starting the process shortly after L&I’s guidance had been disseminated
but prior to phase 1 requirements. Another commonly mentioned challenge was
the difficulty of maintaining these plans in compliance during a rapidly evolving
situation with frequent rule changes. All participants pointed out that the amount of
uncertainty from day to day was difficult to manage and tax.

All interviewees indicated that the greatest challenge to meet Phase 1 or L&I
requirements at the onset of the pandemic was to secure supplies for sanitization and
PPE. One construction company supervisor reported that the company had taken
the novel approach of working with local distilleries to produce its own hand sani-
tizer. This product was stored and packaged in a barn owned by the safety manager
and other staff while awaiting full reopening. In addition, the company produced
disinfectants and paper towels from the dairy industry instead of their regular supply
chain, an unusual yet effective approach.

Another common challenge among participants was the implementation of social
distance protocols. Construction work often involves tasks that do not allow workers
to keep a distance of six feet.One company established additional levels of respiratory
protection beyond face masks for workers engaged in this work. Another company
reported that, to reduce the number of people they contacted, they built a QR code
website so that workers could sign up using their phones rather than using a pen,
minimizing the potential to spread contamination. Similarly, the implementation of a
rule restrictingworkers from traveling aroundwork sites in the same vehicle has been
implemented by one company to maintain social distance. A novel approach to the
monitoring of social distances has been reported by a company that has established
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the use of proximity detection devices to warn workers if they are located within
six feet of another worker on site. The use of these devices has also been useful in
increasing awareness of the need for additional training or redesign of work tasks to
ensure social distance and contact tracing.

All the safety professionals interviewed also mentioned the importance of making
it easier for workers to comply with new rules bymeans of measures such as ensuring
that work vehicles are properly stocked with the PPE, the daily COVID-19 specific
safety meetings, and, in one case, the designation of the COVID-19 specific safety
liaison, which was responsible for educating and helping the workforce to meet
the requirements. They also reported some unexpected challenges, including worker
resistance to safety protocols for personal and political reasons. Buying in from
subcontractors was more challenging than expected, especially when it came to
off-site behaviors. In one case, it was reported that a few key personnel left the
company rather than complying with the protocols they felt were unfounded and an
infringement of their personal freedoms.

Overall, participants felt that, although the implementation of new safety protocols
was challenging in the face of uncertainty and during a rapidly evolving health crisis,
they had great success inmaintaining safety at their workplaces through careful plan-
ning and implementation of both the required and innovative safety procedures and
processes. They all reported no major outbreaks or work stoppages due to COVID-
19, with one participant reporting only one case on their job site during the pandemic
to date.

4.3 Construction Project Productivity

The COVID-19 pandemic affected the productivity of the construction project at the
workplace and in the office. The implementation of effective safety protocols has
resulted in a reduction in the productivity of the construction project and an increase
in hours for each task due to the handling of COVID-19.

The creation of new safety mitigations and procedures required a significant time
investment that diverted workers from their regular duties and caused projects to
take longer than usual to complete. Routine work that relied on safety oversight
and permitting processes, such as hot work, lifts, and confined space work, had to
be delayed as security resources were concerned with handling the new COVID-19
requirements.

Interview participants also reported experiencing productivity issues related to
the need to recruit new staff after the start-up of projects and increased turnover.
Many workers, including independent contractors and sub-contractors, were sent
home at the beginning of the pandemic as construction sites closed and brought back
after construction could resume. All participants said that they had some increased
hiring needs after work had resumed due to the refusal of some former workers to
return to their former jobs after work had been resumed. These new subcontrac-
tors and workers had to be hired quickly to bring the staff back to the required
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level. These new hires have increased the need for remedial training of new staff,
in addition to the new training requirements set out in the Phase 1 safety require-
ments. Participants suggested a variety of reasons why former employees refused
to return to their previous positions, including concerns about contracting the virus,
encouraging government stimulus, and increasing unemployment to stay at home,
and refusing to comply with the new safety guidelines. In addition to the impact
on productivity caused by delays due to additional training needs, one participant
found that the workers their company was able to recruit during that time were less
fit for duty, experienced, and skilled than those who had previously worked on their
site. These less capable workers caused further productivity problems due to reduced
performance and contributed to an increase in the turnover of the workforce.

5 Conclusions and Limitations

Due to the unprecedented situation of the COVID-19 pandemic, there was very little
research and literature on the event. It was challenging to find a reliable source of
information in the media, despite the massive amount of discussion surrounding
COVID-19. The literature reviewed was the most up-to-date and reliable source
available at the time. The survey was conducted at the height of the outbreak and
at the beginning of Phase 1. Phase 1 contractors were only allowed to open a week
or two before the survey was sent out, so there was a lot of confusion at the time.
After the phase plan of Governor Inslee was completed and the contractors had time
to settle in this chaos, more analysis was needed. Another curious element is the
potential for new safety measures to introduce new hazards. Therefore, to reduce
overall safety. It will be useful to examine whether some of the safety measures
put in place to prevent the spread of COVID-19 contribute to other problems. For
example, the fogging of eye protections due to wearing masks and the inability to
detect heat stroke due to face coverings are two possible scenarios where new safety
protocols may inadvertently reduce safety.
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Lean Adoption Barriers for Trade
Contractors

E. Asadian, R. Leicht, and J. Messner

1 Introduction

The term lean was first used by the research team working on the International
Motor Vehicle Program at MIT. It is aWestern interpretation of the Japanese produc-
tion philosophy applied in the car manufacturing industry [17]. This paradigm was
initially recognized as a strategic means to better production outcomes, such as
improved efficiency, quality, and productivity [15], but soon gained its place outside
of the manufacturing industry as a performance improvement method [19]. Efforts
to encourage the application of lean theory in the construction industry have been
growing worldwide.

The earliest consideration of using lean production ideas within construction is
attributed toLauriKoskelawhenhedevised the transformation-flow-valuegeneration
(TFV) model of production [12]. While traditional thinking of construction was only
focusing on conversion activities, ignoring flow and value considerations, the TFV
model reflected construction as a combination of conversion and flow processes.
This perspective helps to both identify and remove waste, such as inventory, motion,
and over-production. Subsequently, the five principles of lean were established by
Womack and Jones in 1996 as Value, Value Stream, Flow, Pull, and Perfection [26].

Previous studies have shown several benefits from applying lean principles
in construction, including improved productivity, increased predictability, better
quality, higher client satisfaction, reduced cost, shortened schedules, minimized
waste, and improved safety [4, 12, 14, 21]. Despite the many benefits that have been
observed from applying lean, there seem to be several barriers limiting the broader
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lean adoption and implementation [2, 21]. According toKhaba andBhar [11], organi-
zations need to identify and overcome these mitigating barriers that constrain firms’
greater success.

Although these barriers have been well studied for prime or first tier contractor’s,
sometimes referred to as the general contractor, the recognition of obstacles to the
lean adoption specific to trade contractors is not well documented. The construction
sector cannot take full advantage of applying lean unless all stakeholders actively
engage in the implementation process. It is in line with the findings of the study
conducted by Portioli-Staudacher and Tantardini [18] that excluding involvement of
frontline employees by management can cause problems in implementing lean in
service companies. Hence, this literature survey seeks to identify and organize trade
contractors’ possible barriers to successful lean implementation. By establishing the
framework for these barriers, trade partners will be better positioned to implement
lean by focusing on the key obstacles.

2 Methodology and Literature Review Process

To compile and assess the potential barriers to the adoption of lean by trade contrac-
tors, a literature analysis was performed to identify previous studies that captured and
evaluated such barriers. The two primary resources usedwere the databases of papers
from the Lean Construction Journal, published by Lean Construction Institute (LCI),
and the International Group for Lean Constructions (IGLC) conference proceedings.
In addition to a systematic review of these papers, the works cited in the reviewed
articles from other journals were also studied, such as the American Society of Civil
Engineers (ASCE) Construction Engineering and Management Journal. To choose
the relevant papers, articles that discussed lean implementation issues and barriers
to lean adoption in the construction realm were selected. Of the dozens of papers
reviewed, seven articles had defined the main barriers to adopting lean and will serve
as the remaining sections’ focus. In total, 29 barriers were extracted from the content
analysis of these studies.

To analyze the cited barriers, several passes were made to compare, group, and
organize the barriers. First, the full list of these barriers was reviewed, with rankings
included if the papers performed a ranking analysis as part of the research. The list
was then analyzed to identify the frequency of barriers used in the studies, along with
their relative ranks. Following the frequency and ranking analysis, the barriers were
reviewed again to determine relevance specific to trade contractors’ considerations.
Ultimately, the review’s final step was to look at the organization of barriers that
emerged from the previous literature as a basis for clustering them.
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3 Lean Implementation Barriers: A Review

Despite the numerous benefits gained from lean implementation, all organizations
cannot successfully implement lean construction. As Jadhav et al. [19] claimed,
companies have several reported problems and issues regarding the failure to enforce
lean philosophy. Likewise, as Nordin et al. [16] expressed, implementing lean
thinking is not an easy task for an organization. Instead, there is tremendous resis-
tance to the implementation process, similar to any other changes. Therefore, these
barriers need to be identified and addressed to provide the platform through which
the organizational and individual change readiness may be achieved [19].

In this respect, several studies have been carried out worldwide to identify the
barriers to implementing lean. Someof these studies focused on obstacles that prevent
the implementation of lean [1, 14, 17], while others concentrated on barriers that
exist during the execution of lean practices [2, 3, 10]. These barriers could affect
the application process of lean and hinder the project performance if not properly
managed [13].

In a recent study, Shang and Peng [24] conducted a large-scale survey of Chinese
building professionals to empirically address the question of “what barriers would
hinder the implementation of lean practices in the construction industry in China.”
The survey participants were asked to express their level of agreement with the
22 barriers listed. A 5-point Likert scale from “one being insignificant to five being
highly significant” was used to investigate whether the given barriers were thought to
inhibit the implementation of lean practices. The result of their findings revealed that
the three biggest obstacles to the implementation of lean practices include “the lack
of long-term philosophy,” “the absence of a lean culture in the organizations,” and
“the use of multi-layer subcontracting.” They also applied factor analysis to identify
six underlying categories hindering the successful implementation of lean, namely,
people andpartner,managerial andorganizational, lackof support, culture andphilos-
ophy, government, and procurement issues. Ultimately, some recommendations to
mitigate these barriers were suggested.

Similarly, Sarhan and Fox [21] identified and assessed the possible barriers to
implementing lean construction in the United Kingdom (UK). Based on the statis-
tical analysis of data gained from a questionnaire survey, ten barriers were iden-
tified. These ten barriers are fragmentation and subcontracting, procurement and
contracts, lack of adequate lean awareness and understanding, culture and human
attitudinal issue, time and commercial pressure, financial issues, lack of top manage-
ment commitment, design/construction dichotomy, educational issues, and lack of
the use of process-based performance measurement systems (PMSs.) Further anal-
ysis of the results revealed that there was a strong level of agreement amongst all
participants that the “lack of adequate lean understanding” is the biggest barrier to
the implementation of lean practices, followed by “lack of top management commit-
ment,” and “cultural and human attitudinal issues,” [21]. These two studies’ findings
are relatively close regarding the top barriers, suggesting the notion that the barriers
may be similar across countries and cultures.
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In another study conducted by Ayarkwa et al. [4], potential barriers to the
successful implementation of lean construction in the Ghanaian building industry
were identified and prioritized by adopting a structured questionnaire survey of 400
construction practitioners. This study also proposed measures to overcome these
barriers. Based on the mean scores of factors identified, the five most substantial
obstacles to the implementation of lean construction in Ghana are ranked as frag-
mented nature of the industry, extensive use of subcontractors, lack of long-term rela-
tionship with suppliers, delays in decision making, and waste accepted as inevitable,
in that order. Like the previous surveys, fragmentation and subcontracting were also
demonstrated as significant barriers to implementing lean practices [4].

Senior and Rodríguez [23] examined the perceived importance, easiness to over-
come, and criticality of 29 barriers to productivity improvement in the Dominican
Republic. In this study, obstacles were grouped into three main categories, envi-
ronment driven, top management driven, and field-management driven. In 2011,
Brady et al. specifically concentrated on Last Planner System (LPS) implementa-
tion projects. They tried to identify barriers and determine whether or not factors
contributing to lean projects were present in the LPS implementation projects. They
stated that poor communication and transparency,minimum involvement of construc-
tion workers, inadequate training, lack of role definition, information not adequately
used, lack of time for implementing improvements, and eventually, lack of integra-
tion in the production chain are barriers to the last planner system implementation
[7].

In addition to these studies conducted specifically on the barriers, Christensen
et al. [8] concentrated on the motives of implementing lean principles. In this study,
project team members’ different motivations to work with lean construction and
continual improvement were explored. The findings from a survey on lean imple-
mentation and the motivation to work with lean via questionnaires revealed that the
ability to improve the work processes and contribute to better quality, savings, and
time reductions are among the motives that encourage project participants to imple-
ment lean principles. While “not sufficient knowledge,” “not sufficient time,” and
“not expecting from the team members” are some demotivators for lean adoption.
They also argued that by setting explicit expectations, the senior managers could be
motivated to support and resource lean adoption [8].

4 Analysis of Rankings

The full list of barriers identified across all of the studies is summarized in Table
1. These studies mainly target adopting lean principles within the main contractor’s
firm-level, and tangible examples of investigations on how trade contractors can be
encouraged are scarce. Few research studies have been done specifically focusing
on trade contractors. The few that focused on trade contractors did not explicitly
investigate how the contractors can be motivated to adopt lean principles at a project
level. Despite this shortcoming, the construction industry can benefit from applying
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Table 1 Summary of lean implementation barriers, ranking, and frequency
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Built & 
Human 
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Journal of 
Tech. 
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Lean
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Lack of proper planning and control 0.5 0.4 1 0.4 0.75 1 6 0.675

Lack of teamwork 0.8 1 1 3 0.933

Poor project management 0.5 0.6 0.65 3 0.583

Lack of high manager support 0.35 0.60 2 0.475

Lack of technical capabilities 0.2 0.25 2 0.225

Lack of financial resources 0.5 0 0.45 3 0.316

Poor communication between parties 0.5 1 0.4 1 4 0.725

Minimum involvement of construction 
workers

0.5 0.75 2 0.625

Inadequate training 0.5 0.4 0.15 0.50 4 0.387

Lack of requiring team member to 
adopt lean

0.75 1 0.75

Lack of integration of production 
chain

0.5 0 0.85 3 0.45

Quality of materials 0.75 1 0.75

Complete designs 0 0.85 0.875 3 0.575

Lack of time 0.5 0.50 0.4 3 0.466

Lack of long-term philosophy 0.65 1 2 0.825

Absence of the Lean culture in the 
organization

0.65 0.95 2 0.80

Insufficient knowledge of Lean 0.75 0.80 0 3 0.516

Multi-layer subcontracting 1 0.75 2 0.875

High turnover of the workforce 0.55 1 0.55

Resistance to change 0.65 0.45 2 0.55

Employee tolerance of untidy 
workspace

0.40 1 0.4

Inadequate delivery performance 0.35 1 0.35

Hierarchies in organizational 
structures

0.30 1 0.3

Less personal empowerment 0.25 1 0.25

Avoid making decisions and taking 
responsibilities

0.20 1 0.2

Using relationships to conceal 
mistakes

0.15 1 0.15

Stringent requirements and approvals 0.10 1 0.1

Lack of support from the government 0 1 0

Lack of customer-focused 
measurement

0 1 0

lean methods and principles by trade contractors. Hence, in the following section,
the analysis of listed barriers was performed to identify their importance as a first
step in the path to trade contractors broadly deploying lean methods. Subsequently,
the relevance of these barriers to trade partners was investigated.

In Table 1, across the top is the list of research studies, with the intersections
identifying which barriers each included, as well as a fuzzy ranking based on how
they were ranked in that study. The furthest right columns aggregate the frequency
of each barrier, in addition to the weighted ranking based on the fuzzy scale and the
number of studies that used it. It is noteworthy tomention that although these barriers
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are framed in the context of general contractor firms, they still provide a baseline to
investigate the implementation of the lean principles by trade contractors.

In some of these studies, the authors also proposed the ranking for demonstrating
the level of importance of these barriers, which are also identified in Table 1. To
highlight the barriers’ overall importance, the fuzzy scale was created from 0 to 1,
with 1 being the highest rank for the barrier and 0 demonstrates the lowest level in
the noted survey. For studies that did not consider any priority for the factors, all
of the identified barriers are shown with a value of 0.5 since no priority level was
assigned to them in the original papers.

Subsequently, relative rankings’ mean value was then calculated to show the
relative importance of the barriers to lean construction’s successful implementation.
Since the numbers of surveyed barriers were different in the previous studies, the
highest number of obstacles was chosen as the range of possible ranking values.
In this context, the 22 obstacles recognized by Shang and Penge have dictated the
range. Hence, the relative ranking of each of these barriers was calculated within
the fuzzy scale. Other studies were then converted to this scale so that the mean
value of rankings could be calculated. As can be seen in Table 1, the mean values
of four barriers, namely: “lack of teamwork,” “multi-layer subcontracting,” “lack of
long-term philosophy,” and “absence of the lean culture in the organization,” earned
the highest values, respectively. These barriers, considered the significant barriers to
the successful implementation of lean, are highlighted in blue.

5 Findings and Results

In total, 29 barriers were identified relative to implementing lean practices within
the construction industry. Among these barriers, 17 show up in two or more of the
publications. The “lack of planning and control” is the most frequently used obstacle
in implementing lean principles mentioned in almost all of these studies, followed by
“poor communication between parties” and “inadequate training” as the next most
frequent factors. These three items, identified by gray color in Table 1, appear to be
of central concern to the building professionals and need to be addressed.

As can be concluded from Table 1, there is no linear association between the
frequency of use and relative ranking parameters. In other words, “lack of proper
planning and control” was recognized as the barrier with the highest frequency in
almost all the previous surveys. Still, it is not among the five ‘highest’ ranked in
terms of the significant barriers shown in Table 1.

While the lack of long-term philosophy and multi-layer subcontracting are iden-
tified as significant barriers, they are not frequently cited in the previous studies. It
can be argued that since lean construction requires substantial shifts in thinking and
behavior [25], proper planning and controls are needed for the transition to the new
approach of production and serving customers [21]. However, there might be some
other factors affecting the implementation of lean with a higher level of perceived
impact.
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The effect of having a long-term philosophy and multi-layer subcontracting on
the success of lean implementation has been well documented in previous studies.
As Sarhan and Fox [21] and Shang and Penge [24] claimed, these two barriers are
among the most significant preventing the successful adoption of lean. The effect of
teamwork on lean implementation success has also been well investigated in several
previous studies [1, 5, 6].

Following the frequency and ranking analysis, the barriers were reviewed again
regarding their relevance to the trade contractor’s considerations. In this respect, three
categories were proposed, barriers specific to trade contractors, barriers inclusive
of any firms in construction, and barriers that were external to construction firms.
Barriers that are out of trade contractors’ control, such as “stringent requirements and
approvals” and “lack of support from the government,” are assigned to the “excluded
trade contractors” group. It is evident that having support from the authorities is
valuable [19]. However, this factor cannot be addressed within the trade contractor
firms—likewise, the project’s approval process and requirements. A second category,
inclusive of any construction firms, has a broader range as it targets any parties
involved in construction activities. These barriers are mainly related to organizations
in generalwithin construction and cannot be limited to the trade contractor’s adoption.
Barriers linked to project management or associated with organizational structures
and cultures are located in this category. Lastly, barriers related to procurement,
operations, workforce, or other construction aspects that are inclusive and specific
to contractors that procure, fabricate, and install some system or component on
construction sites were noted within the third category. If the barrier was relevant to
the self-perform activities of general contractors, it was listed within the specific to
Trade Contractor category. The summary of this grouping can be seen in Fig. 1.

Several studies sought to group or cluster the barriers. Through the literature
review process, some did this to identify common or root cause barriers rather than
detailed indicators [21], while others used statistical clustering methods to identify
trends in the responses and ratings [24]. Both approaches provide different insights
into the links and shared considerations in the adoption of lean. The resulting group-
ings are defined and compared to identify the constructs related to the adoption of
lean that can more broadly inform the needed investigation for trade contractors.

In the next step, the previous clustering of these barriers was taken into consider-
ation to assess them more systematically in the context of trade contractor adoption.

Fig. 1 Relevance of barriers to trade contractors
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To do so, various clustering and groupings proposed by some of the earlier authors
were studied. Among all, three clusters provided by Ayarkwa et al. [4], Sarhan and
Fox [21], and Shan and Peng (2014) were selected as benchmarks due to their rela-
tive comprehensiveness. Although there are some similarities among the proposed
categories, there is no direct association among them, and the sub-groupings of
barriers differed, even when the topics of the groupings were similar. It is evident
that some prominent factors, such as managerial aspects, were mentioned by all of
these studies, however, few categories were listed only in one of them. Moreover,
there are some meaningful overlaps between these groupings, which induced some
inconsistencies and limitations in their clustering. For example, Sarhan and Fox [21]
recognized two main factors: “fragmentation and subcontracting” and “procurement
and contracts,” as different categories. However, the authors believe they both reflect
various aspects of “project delivery methods.” In other words, multi-layer subcon-
tracting is an inevitable result of procurement and contract type. Similarly, a complete
design, which is considered as a procurement and contract barrier, can also relate to
the design and construction dichotomy. In the same way, they separated “insufficient
knowledge of lean” from “educational issues.”

Likewise, Shan and Peng (2014) separated managerial and organizational barriers
from a lack of support barriers. However, in the latter, they include the lack of
managers’ support as one of the significant obstacles in implementing lean practices.
These are some examples that need to be addressed so a consistent framework can
be established. The work conducted by Sarhan and Fox in 2013 is selected since it
is more closely aligned with the project management framework that is thought to
be useful. The re-organized framework is shown in Table 2.

From the 29 total barriers identified by the literature review, 21 factors can be
clustered by their proposed category. The authors kept some of these factors and
their definitions, with some minor refinement, to overcome the overlaps identified.
All barriers related to the construction industry’s fragmentation, which are perti-
nent to different procurement methods, are grouped to form the main factor of
“fragmentation and procurement.” This category covers six barriers to lean adop-
tion: multi-layer subcontracting, lack of integration of the production chain, poor
communication between parties, hierarchies in organizational structures, inadequate
delivery performance, and High turnover of the workforce.

Barriers focused on the design and construction segregation create the second
category, design/construction dichotomy, which includes minimum involvement of
construction participants in the design process and complete designs. The integration
between design and construction could eliminate waste, such as incomplete and
inaccurate designs; rework in design and construction; lack of buildable designs;
final products with significant variation from values specified in the design; and
disruption to contractors due to design changes made by designers [20].

Culture and human attitudinal issues targeted any cultural, philosophical, and atti-
tudinal barriers hampering lean practices’ successful implementation within firms.
Unwillingness to change, lack of long-term philosophy, and lack of awareness among
project participants are among the barriers in this category. Lack of resources, namely
time and funding, is the next category that prevents lean adoption. Assigning a
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Table 2 Proposed framework

Main factors Barriers References

Fragmentation and procurement Multi-layer subcontracting Forbes et al. [9]

Shang and Peng [24]

Lack of integration of the production
chain

Sarhan and Fox [21]

Poor communication between parties Abdullah et al. [1]

Hierarchies in organizational
structures

Shang and Peng [24]

Inadequate delivery performance Shang and Peng [24]

High turnover of the workforce Shang and Peng [24]

Design and const. dichotomy Minimum involvement of
construction workers

Sarhan and Fox [21]

Complete designs Sarhan and Fox [21]

Shang and Peng [24]

Culture and human attitudinal
issues

Resistance to change Shang and Peng [24]

Absence of the Lean culture in the
organization

Sarhan and Fox [21]

Shang and Peng [24]

Lack of long-term philosophy Shang and Peng [24]

Lack of requiring team member to
adopt lean

Sarhan and Fox [21]

Lack of teamwork Sarhan and Fox [21]

Avoid making decisions and taking
responsibilities

Sarhan and Fox [21]

Shang and Peng [24]

Using relationships to conceal
mistakes

Shang and Peng [24]

Employee tolerance of untidy
workspace

Shang and Peng [24]

Lack of customer-focused
measurement

Sarhan and Fox [21]

Less personal empowerment Shang and Peng [24]

Resources Lack of financial resources Sarhan and Fox [21]

Lack of time

Management commitment and
support

Lack of manager support Bashir et al. [5]

Shang and Peng [24]

Lack of proper planning and control Sarhan and Fox [21]

Poor project management Abdullah et al. [1]

Shang and Peng [24]

Skill and knowledge Insufficient knowledge of Lean Sarhan and Fox [21]

Lack of technical capabilities Sarhan and Fox [21]

(continued)



220 E. Asadian et al.

Table 2 (continued)

Main factors Barriers References

Inadequate training Shang and Peng [24]

External agencies Stringent requirements and approvals Shang and Peng [24]

Lack of support from the government Shang and Peng [24]

Quality of materials Olatunji [17]

sufficient budget and time to train both employees and employers is necessary
for successful lean implementation. Some barriers are related to the management
commitment and support of adopting innovations such as lean principles [19]. Ulti-
mately, there are some barriers against the successful implementation of lean, which
are not within the control of firms, like stringent requirements and approvals and lack
of support from the government. The categories were modified to the new format as
listed in Table 2.

There are several suggestions in previous studies addressing themeasures that can
be applied to overcome these barriers. For instance, Ayarkwa et al. (2012) identified
17 actions that could overcome potential obstacles to implementing lean practices.
The five most notable efforts to overcome barriers in the Ghanaian construction
industry are:

• Management should train employees on lean concepts;
• Communication should be improved among players in construction projects;
• Construction should ensure or maintain continuous improvement: thus, reduction

of costs, increase quality and productivity;
• Construction managers should be committed to changes; and
• Workers should be able to work in teams.

The findings of this study confirmed the steps proposed by Bashir et al. [5] to
overcomebarriers to the implementationofLeanConstruction (LC) in theUK include
“taking full advantage of staff training on LC at all levels,” “engaging skilled site
operatives,” and “promoting the LC concept to companies, professional bodies, and
major stakeholders” [5].

6 Conclusion

Previous literature has identified several structural and cultural barriers preventing
the successful implementation of lean concepts. However, a comprehensive review
of the studies conducted in this area reveals that they tried to identify and assess
the possible barriers to Lean Construction (LC)’s successful implementation, mainly
within the organization level targeting the main contractor’s firms. In comparison,
the construction trades are at the critical interface where the application of lean
methods and principles offers the most value to the construction industry. Therefore,
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to encourage all industry participants to implement lean, identifying the barriers that
hamper the implementation of lean principles is indispensable at the trade level.

Thus, the present study informs the development of pathways and measures to
support broader trade contractor adoption to overcome the noted barriers. A full list of
common barriers, the frequency of use, and their relative importance, were extracted.
Seventeen of these barriers appear commonly in the previous studies, while 12 of the
barriers were identified in a survey conducted by Shang and Peng [24]. By inspecting
the relative ranking of each, “lack of teamwork,” “multi-layer subcontracting,” “lack
of long-term philosophy,” and “absence of the lean culture in the organization” pose
the highest mean values, respectively, as the significant barriers to the successful
implementation of lean. In this viewpoint, targeting barriers with a high ranking is
of substantial importance to answer the fundamental research question of “How to
overcome the barriers to the successful adoption of Lean practices.”

The lack of focus on trade contractors attracts attention as a remarkable short-
coming. Although some of these barriers can be related to trade contractors, no
previous study was found to directly link barriers to the trade contractor community.
This study listed the barriers relevant to the trade contractor’s considerations, which
need to be addressed so they could more easily adopt lean practices. These barriers
are

• Lack of teamwork;
• Lack of technical capabilities;
• Poor communication between parties;
• Minimum involvement of workers;
• Lack of production chain integration;
• Quality of materials;
• High turnover of the workforce; and
• Employee tolerance of untidy workspace.

Comparing the context where these studies took place, several studies have been
conducted in the UK. There are also other surveys performed in China, Chile, and
Ghana. Yet, there is a lack of assessment of obstacles in theUnited States (US), which
is the focus of this research study. Since the practices and approaches implemented
in each country might be distinct, a need for a refined categorization of a holistic
assessment of barriers in the US is felt.

Last, the majority of the previous studies are framed at the organizational level
rather than the project level. They aim to support organizational managers rather than
the field workforce, which, according to previous lean literature, should be the focus
if the adoption of lean is the true purpose.
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System Architecture for Supporting BIM
to Robotic Construction Integration

A. McClymonds, R. Leicht, and S. Asadi

1 Introduction

The construction industry has progressed at a slower rate than other industries such as
manufacturing and industrial sections in terms of technology adoption, more specifi-
cally, robotics. However, robotics are becoming more commonplace in the construc-
tion industry, with multiple companies developing targeted robots for construction
tasks. Some of these robots are made for a single task, such as the Semi-Autonomous
Mason (SAM100) made by Construction Robotics or Tybot made by Advanced
Construction Robotics. Other robots complete more general tasks, such as Spot
by Boston Dynamics. These robots can carry out tasks that can help the construc-
tion industry’s current labor shortfalls or address human-worker safety challenges.
Despite this potentially valuable contribution, the transition fromcraft labor to robots’
use requires a change in the required information provided. One of the fundamental
issues is how the robot receives, interprets, and uses the information from a facility
design to execute construction tasks to the same degree or scope as craft laborers,
showcasing a need for technology infrastructure to support this information transfer.

To create the appropriate technology infrastructure for delivering information for
robots to use the building information model (BIM), it is essential to understand the
elements that make up a system architecture. A system architecture is a conceptual
model that defines the system’s views, behavior, and structure. System architecture
can be defined as the conceptual model of a system and then models derived from
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it. This aspect of the system architecture will represent the different views on top
of the conceptual model, facets or concerns of the system independent of the scope
and abstraction level of various stakeholders, restrictions for the deployment of the
system, description of the qualitywarranties of the system, and embeddings into other
(software) systems [6]. The system architecture is a critical underlying element of
the BIM to robot construction information transfer because this is how the robot will
receive specific information to carry out its tasks on the job site.

2 Methodology

This paper will present the system architecture andmapping required to support BIM
to robotic construction information transfer for in situ construction. This will be done
by analyzing examples in the literature to identify both necessary components for the
systemarchitecture, aswell as define the interactions needed for the information flow;
a new system architecture is defined based upon these analyses, which will consider
the information needs of the construction industry embued within it. Themethod will
be validated through a simulated test case to verify the system architecture’s links,
components, and structure.

The literature review research for this paper consisted of two primary litera-
ture searches. The first search was for the construction system architecture, and
the keywords for the included construction system architecture, BIM, construction,
system, and architecture. This phase utilized google scholar as the primary loca-
tion to receive papers. Papers first were filtered by date in the range from the year
2000 and onward. After that, the reviewed papers would contain the keywords and
wherein this timeframe. The next step was to determine if the study had relevance.
The abstracts were the starting point for this and were reviewed for verification of
focus on information architecture and relevant information exchange support. If the
abstract was deemed relevant to the paper, a full review of the paper followed. The
second literature search was to identify examples of the robotic system architec-
ture. This literature review involved the same criteria showcased for the construction
system architecture; however, the keywords differed focused upon robotic, computer,
system, and architecture to search.

3 Literature Review

The system architecture is an essential step in having robots contribute to on-site
construction activities. This section will focus on the pre-existing system architec-
tures for BIMwithin the construction industry and comparable systems to determine
the need for robotic system architecture. The newBIM to robotic system architecture
presented in this paper used both robotic and BIM system architectures to develop
it.
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3.1 Construction System Architecture

Kim and Russell [10] focused on the system architecture for an intelligent earthwork
system. This study explored the phases of earthwork for construction, including
site preparation through finish work. Following the phases, the authors defined the
factors that impact earthwork tasks, such as site conditions, work type, and managed
work. The data flow is organized into the system architecture module for the task
identification and planning and used to determine resource allocation and then the
task execution once all the data has been input. This study found that the system
architecture will contain three main sections: the task-planning subsystem, task-
execution subsystem, and the human control subsystem.

Similarly, Dakhli et al. [4] developed an intelligent construction site’s informa-
tion system architecture. This study determined that the construction resources will
have intangible qualities, such as cost, time, weather, material resources, and human
resources. Sanguinetti et al. [14]. proposed a system architecture to analyze and
give feedback in architectural design. The system architecture structure adapted to
various analytical models, such as an energy analysis. While this study is not directly
related to robotics in construction, a few constants identified for extracting informa-
tion from BIM are: (1) It is dependent on the level of detail in the model, (2) External
factors can influence the analysis, and (3) Data extraction of the geometry of the
structure is of the utmost importance to better refine the process to perform an accu-
rate analysis. A study by Ibrahim et al. [7] developed a conceptual framework for
BIM system architecture. Their model defined four phases that the data will progress
through (1) Extracting data, (2) Integrating data, (3) Analyzing data, and (4) Inter-
preting the data. The fundamentals from this study are that the data collected from
the model is of high importance, then the information is processed, analyzed, and
finally, humans interpret the information from the computer. The main point that this
paper is trying to make is that once the data is collected, it must be post-processed to
be adequately utilized. Aleksandrov et al. [2] addressed a similar point which where
they determined the four main steps for the system architecture are inputting the
data, structuring the data with databases, updating the structured data, and finally,
data visualization. Another study looked at system architecture for building infor-
mation modeling and geographic information systems. This study looked at various
architecture data integration such as schema, service, ontology, process, and system.
This study has a similar method to the rest for the architecture but limited the steps
to three: extract, transform and load the data [9]. Bilal et al. [3] looked at signifi-
cant data architecture for construction waste analytics. The focus of this study was
incorporating the modeling information with the big data architecture, and the was
analytics to produce results. For this research, the big data architecture had three
layers: the storage layer, the analytics layers, and the applications layer. These layers
allowed the information from each to be shared while receiving data from various
sources.

Based on the studied construction system architectures, a few elements were
identified that will be necessary for the BIM to robotic system architecture: the data
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extraction and structure of the data output is of extreme importance, external data
sources utilized, such as site conditions, and the need for post-processing the data. A
system architecture for construction applications can be developed from here while
addressing the limitations of the previous studies. For example, most of the studies
reviewed here focused on BIM or big data system architecture, with the result to
visualize the data not having a robot carry out the applications [3, 7, 14]. Therefore,
it is imperative to identify robotics system architecture.

3.2 Robotic System Architecture

In addition to system architecture from related construction technology, robotic
system requirements will play a critical role in developing a BIM to robot system
architecture. Ahmad and Babar [1] studied a basic system architecture for robotics
applications. This study evaluated the different sides of the robotic system first by
examining a software platform where the application is determined and moves into
the control system where the robotic operates. Their research determined three parts
to their system architecture: robotic operations, robotic evaluation, and robotic devel-
opment. Operations focused on the coordination of the robot, evaluation was for the
robotic adaptations and reengineering of the task, and finally, development was for
programing/data inputting [1]. One study focused on sensor fusion-based robotics
system architecture with human interaction. In this study, the robot’s system architec-
ture depends on retrieving the information from sensors and then having the system
data infused into it through the robot operating software (ROS). After that, the robot
would check to see if the inputted commands were feasible to be carried out; if so,
the command would then be executed [13]. Another study in the robotic system
architecture field focused more on the system architecture for a swarm of robots. In
the model presented by this study, the system architecture had a task demand and
decision layer heavily reliant on the human–computer interaction; after that, it would
go into the planning and execution layers. Each layer inputs sensor data as needed to
aid with future decisions and carry out work [12]. Another study focused on robotic
system architecture was completed by Jahn et al. [8], which focused on system archi-
tecture for modular robotic usage. Their proposed architecture had three layers: the
controller, the reflective operator, and the cognitive operator. The control is respon-
sible for the sensors and actuators on the robot, i.e., the data collection. The reflective
operator is in charge of processing the data from the controllers. Finally, the cogni-
tive operator is responsible for optimizing the behavior of the system. Integrated into
either operator layer is a human–computer interface.

Examples of robotics system architecture can also be identified outside of the
construction industry and can play a significant role in creating a system architec-
ture for robotics in the construction industry. One paper looked at modular system
architecture. The architecture identified three primary levels: the application level,
fusion level, and sensor level. The application-level gets carried out when the data
gets delivered for the application. The fusion level is when the data is verified and
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incorporating the data. The last level and the first carried out is the sensor level. This
level picks up the raw data for the application and filters it during the fusion level [5].
This architecture is similar to the other robotics systems in its levels, where the sensor
level lines up with extracting data, the fusion level lines up with the integrating data,
and the application lines up with analyzing and interpreting data in Ibrahim et al. [7].
Anothermodular system architecturewith a similar design is in a study byKlose et al.
[11]. This study examined the modular system architecture for an autonomous robot
for plant evaluation. While this study did focus on plants, the basis is applicable for
construction application. Themain aspects discussed are sensing the data, storing the
data, and analyzing the data. Building upon these functions, the robot control system
becomes paramount. In summary, the overall process is proposed by sensing the data
and collecting it, then using that information to control the robot [11]. Another type
of robotic system architecture is cloud-based robotics—a study by Wan et al. [15]
looked at defining the system architecture and identifying issues associated with it.
For the system architecture of cloud robotics, they have data collection, data storage,
database integration, and carrying out the robotic task while all steps provide feed-
back. A few of the critical issues this study identified are resource allocations, data
interaction between robot and cloud, and security concerns [15].

These studies can lead to a few general consensuses about robotic system archi-
tecture. One is that there is a constant influx of data into the system. This can be from
a variety of different sensors and actuators on the robot as well as external sources.
Another is an output responsible for executing tasks and other data collection that
a human can interpret. A critical aspect is the control of the robot. The control gets
carried out by different simulation software, such as ROS. Therefore, the robot will
be in an eventual loop of planning, sensing, and executing tasks as a simple model.
The loop identified creates a system architecture that will allow for BIM to robotic
interaction. Based on the robotic system architecture shown, elements have been
identified necessary for the BIM to robotic system architecture. These elements are
extracting data, integrating the data, and analyzing and interpreting the data [5, 8,
11]. However, these studies are limited in nature as they do not directly relate to
integrating a BIM model for the robots data collection. Most of these studies had
large amounts of their data come from sensors, which will be needed but will also
need information about the task from the model.

4 System Architecture

Based on previous studies, a system architecture for BIM to robot construction is
developed and a similar in design as proposed by Kim and Russell [10]. This model
will have three different and equally essential phases, including task planning, task
decomposition, and task execution, to send the information from a BIM model to be
executed by a robot. Figure 1 shows the overall system architecture for supporting
BIM to robotic construction integration developed in this study. This method is
dependent on a BIM model of sufficient detail for construction purposes.
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Fig. 1 BIM to Robot System Architecture

4.1 Task Planning

The first phase of the system architecture to take place is the task planning phase. The
task planning phase is shown in Fig. 1. Information is gathered from the project to
determine what work will need to be completed. Therefore, this phase aims to deter-
mine the system that will be constructed and collects information about the facility
and site. The task planning phase’s first step is to determine what task, system,
or activity will be carried out by the robot. The second step of this phase is to
extract information about the chosen system(s). Information from the system will be
analyzed, including system geometry, system tolerances, system specifications, adja-
cent systems, and connected components. These aspects must be considered for the
system architecture to provide information for downstream functions, as each facility
subsystem will have its own requirements and constraints. For example, looking at
ductwork in the building from the mechanical design, the ductwork system is often
defined to a higher level of detail to support fabrication than many other systems in
the building. Further, it also interacts with numerous other building systems, such as
the other electrical and structural systems. Where the ductwork interacts with these
systems must be taken into consideration as it could influence the sequence of work.
Also, ductwork in the building is not a constant size and interacts with different duct-
work types. Depending on the building type, tolerances can also be quite strict on this
system as well. Other aspects external of the system must also be considered, such
as the topological data, site hazards, weather information, and storage information.
With ductwork, the robot would need information regarding the components and
data to transport the correct piece to the needed install location. These external data
sources are allowed for proper site planning. Determining this information early in
the process is critical to the success of the system architecture.
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4.2 Task Decomposition

The second phase of the system architecture is task decomposition. This phase is
also shown in Fig. 1, occurs once the task planning phase is complete. The purpose
of the task decomposition phase is to determine and formalize the logistical steps
associated with the task or system assembly chosen in the previous phase. There are
three main subtasks associated with this phase which are (1) logistical information,
(2) fabrication information, and (3) scheduling information. The logistical informa-
tion primarily incorporates the data extracted or generated in the previous phase,
such as storage locations, site hazards, and facility geometry. It will also incorpo-
rate dynamic aspects of the site, such as moving construction equipment. The tasks
in this phase allow for the robot’s path planning in a later phase of the proposed
system architecture. The second task in this phase is for fabrication information.
This task refers to systems that require additional fabrication before being installed.
In current processes, the specifics for fabrication are often left to the contractor.
Building upon the ductwork, the flange or other connection interface between two
sections of ductwork would be defined and incorporated at this stage. The final task
in this phase is to determine the scheduling information for the chosen task and
corresponding system components. The schedule for the task will be determined
by analyzing the construction process and sequence. The analysis will consider the
overall facility systems and how the subsystems relate to the task chosen, including
duration, resources, and imposed site constraints.

Ductwork is a prime example of the task decomposition phase because of the prox-
imity to numerous other building systems. First, the general process for installing
one piece of ductwork can be clearly defined. From there, the method expands to
allow the installation of subsequent pieces of ductwork. Some pieces will have to be
installed into the structure earlier or later based on the building’s location and the
building systems. Therefore sequencing of the work must be taken into considera-
tion. If not done correctly, it could potentially cause delays for other trades on the
construction site. This phase must consider the dynamic nature of the construction
site.

4.3 Task Execution

The task execution phase is the last phase in the system architecture. This phase is
shown in Fig. 1 as robotic task execution. Task execution is based heavily on the
work done by Ibrahim et al. [7] and Sanguinetti et al. [14] to provide the information
and data collected from the previous phase to the robot to carry out its task. This
phase contains three main tasks: robotic task creation, robotic task execution, and
robotic task control. These tasks work in conjunction to allow the robot to carry out
its task and provide feedback to the operator to improve future construction work.
The robotic task creation relies heavily on the scheduling and logistical information
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determined in the task decomposition phase. The schedule determined in the previous
phase will give the robot the order of operations to carry out its task and the logistical
information to define the locations for that task on the job site. The next task is the
robotic task execution. During this part of the phase, the robot will carry out its
task. It will interpret the control’s commands and receive the information from the
task creation task. With this information, the robot will carry out its task and then
identify which subsequent task to complete. Task creationwill further allow the robot
to generate a construction report that provides feedback on the construction site or
reports errors in the process. The final task to be discussed in this section is robotic
task control. Task control takes the information from the task creation and inputs it
to the robot allowing the task execution to result in the performance of work on the
project. It will receive information from the task execution, letting the robot know
if the previous task was completed and completed correctly. If completed correctly,
it can then send the command for the next task to the robot. This task will also take
into consideration aspects such as tolerance to ensure the quality of the job. These
tasks will continue to work together until the last task gets completed. Revisiting the
ductwork example for this phase is critical. The robot must receive the information
from the previous steps and install the ductwork into its final location. It must be
able to identify the correct piece at the correct time and ensure proper installation.
The robot must also identify if this work is correct to ensure quality. If the panel was
missing or not correctly installed, the robot should identify this and adjust to this.

4.4 Information Exchanges

The information exchange is a critical aspect of the system architecture. One of
the information exchanges is highlighted in greater detail than the other in Fig. 1,
but it takes place between each phase of the system architecture. The information
exchange between the task planning phase and the task decomposition phase is
highly dependent on the task or system was chosen for the system architecture. The
information exchange depends on the task and is also subject to constraints based
on the BIM model’s level of development for a specific component or assembly.
The information exchange allows for the information that was initially included in
the BIM model to be extracted and augmented to support the task decomposition
phase. Continuing with ductwork as a prime example, while sufficient sheet metal
information may be present in the model for the system, items such as hangers may
not be represented in the model. This information is an example of supplemental
information that may just be expressed as a note or in the project’s specification.
Information on how different systems interact with the ductwork may need to be
added as well.

The other central information exchange takes place between the task decompo-
sition phase and the task execution phase. This information exchange aims to take
the schedule, logistical, and fabrication information and convert it into a form easily
interpretable by the robot. The robotwill need this information to carry out its task and
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use all the information collected by the system architecture’s previous two phases.
As noted, the task execution needs the scheduling information, site information, and
an understanding of the construction process. Some of this information will have
to be continuously updated based on the site’s dynamic nature. Looking at the site
information as an example, material, equipment, progress on other systems, and site
conditions is constantly changing. This information gets relayed to the robot. Also,
depending on the robotic system-specific file types may have to be used to allow the
robot to interpret the assembly instructions. To briefly revisit the ductwork example,
the information needed for location and interaction with other systems is sent to the
robot. However, the ductwork may be threaded through a truss or an opening in a
wall. This information must be detailed and structured to allow the robot to install
the components correctly.

5 Case Study

This case study considers the simulated use of a robotic method for setting masonry
blocks, specifically for concrete masonry units (CMUs). This section will use the
case study to validate how the BIM content gets translated into robotic tasks with the
system architecture laid out in the previous section. To begin, after the specific task is
chosen, it is essential to understand how it gets accomplished traditionally. This case
would consist of gathering the material and tools, laying out the wall, determining
the start location, placing mortar to the CMU’s bottom, placing the CMU, and finally
repeating for each brick after. At this time, gathered data determines weather and
topological data of the construction site. Technical Data from the specifications will
get gathered. This data will include information such as tolerances associated with
the construction (e.g., the spacing between bricks), types of allowable materials for
construction, and other design or quality performance details. The system’s general
layout will also be extracted from the BIM model to determine component layout
and orientation.

The information exchange exports the model content, geometry, and supporting
data. The first activity is to determine what information must be supplemented to
the BIM model, and in this case, it would be for a CMU wall. In most BIM soft-
ware platforms, such as Revit, sub-assembly components, such as individual CMU
blocks, are not typically individually modeled, and therefore are not split into sepa-
rate components. This lack of detail raises an issue because the robot will need to
know the count, spacing, and orientation of the blocks and their exact location on
the construction site to place the block precisely. Therefore, external data must be
utilized to determine this, or each block can become a model. There are numerous
ways of accomplishing the additional information. One method of accomplishing
this would be to manually add the information to the model or take an automated
approach by having an interim step to decompose the model and surface hatching to
define sub-components. Once the model has the supplemental information, it will be
converted into a format that the robot will be able to read. In the pilot, the data was
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translated into a.csv file, similarly an.IFC file could be considered. A map of the site
should be created and available during this phase. This map can act as an occupancy
grid to work in tandem with sensors on the robot to prevent a collision with fixed or
stationary objects within the construction zone.

From here, the system can move into task decomposition. Since this task needs
very little fabrication information, this case studywill skip that aspect of the proposed
system architecture. The crucial part of this phase would be determining the task
scheduling information for the robot. The schedule needs to contain the order in
which each block gets placed so that the wall will be correct and structurally stable
upon completion. For example, the robot would start work at an initial corner, go to a
doorway or a place toothing may occur, and then return to the initial corner to lay the
next course. From there, it would continue along the wall to a set stopping point. The
robot repeats for each course until there are no more blocks to place. To simplify, a
schedule for the bricks gets developed utilizing typical industry standards to describe
laying a course of brick. This schedule seems logical for a human worker, but it will
need to be programmed for the robot to carry out this task. Once this is determined,
the robot’s route to transfer can be determined based on different construction site
obstacles.

The last phase of the system architecture for the BIM to robot integration is the
task’s execution. During this phase, the data collected or added from external sources
for themodel is transmitted to the robot. Through coordination with other craft or on-
site workforce, the robot will navigate its path to carry out the task of gathering blocks
andmoving them to their install location. The bulk of the information will come from
the schedule, including each of the blocks’ orders and locations. The occupancy map
would then allow the robot to understand the site based on a coordinate grid.However,
an issue can arise with the occupancy grid because the construction site is dynamic.
The construction site’s dynamic nature results in the occupancy grid’s need to evolve
and adapt to the construction’s progression. This occupancy grid allows the robot
the ability to carry out its assigned task. While the robot is carrying out its task, it is
essential to determine if the job is being done to the design specifications, ensuring
that the blocks are correct and not missing. Therefore, the robot will need to provide
feedback on the wall’s progression to the site workers.

6 Discussion and Conclusions

This study set out to create a system architecture for BIM to Robotic Construction
Integration and accomplished this by reviewing literature into construction system
architecture and robotic system architecture, then piloting it for a case study. From
there, aspects of typical system architecture were determined and used to create the
proposed system architecture. For the construction system architecture, the paral-
lels between the studies presented found that the data collections are of extreme
importance, external sources taken into account, and a human aspect involved. For
the robotic system architecture, the parallels are as follows: there is constant data
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flow within the system, humans oversee executing tasks and data collections, and
there is a control module for the robot. These system architectures influenced the
system architecture presented in this paper by (1) providing insight into how the robot
interprets information providing the final phase of the system architecture presented,
(2) providing a basis to how BIM system architecture gets typically accomplished,
and (3) where and when information gets supplemented. The method developed
integrates both of these types of system architectures. The method is broken into
three major phases: task planning, task decomposition, and task execution. These
phases’ descriptions are in detail above and state what would take place in each
phase. After which, a case study got presented utilizing the various aspects of this
system architecture.

However, a few areas that need to be further developed were identified from the
case study. Onewas with the initial stages of the information exchange because of the
lack of information in some BIM model systems; however, the system architecture
utilized the areas that require the supplemental information will be determined. This
information can then be added to the model in a format accessible by the robot.
Some systems, such as MEP, may contain extensive detail, while others, such as
blocks wall, may not. Another point for further consideration is the recognition of
the dynamic nature of the construction site. Since the site changes daily, and in some
cases constantly, there will be a need to navigate obstacles for the robot.

Some areas for future work include investigating the information exchange and
methods to supplement design model data, leaving room for a more standardized
process. Also, work on how site utilization plans can be developed as smart rather
than passive elements may offer solutions to site navigation for robots.

The proposed system is not without its limitations. It is constrained by limitations
associated with this software. Another limitation is that the proposed method focuses
mainly on all systems in general. As shown by the case study, different systems
will have different requirements, data sources, standards, and practices resulting in
aspects of the architecture that must be flexible. The final limitation is what robot gets
chosen for the last section of the proposed system architecture. Each robot will have
different capabilities and its own set of limitations. These limitations need taking
into consideration for the proposed method to be successful.
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Integration and I4.0 Tracking Systems
for Steel Manufacturing Industry

S. Rankohi, M. Bourgault, I. Iordanova, C. Danjou, P. Garcia,
and J. Grondin

1 Introduction

Industry 4.0 consists of advanced technological opportunities and management
strategies, which aims to provide new business models for the manufacturing indus-
tries [12]. A key technology for industry 4.0 is the Internet of things (IoT). According
to Atzori et al. [4], digitalization through IoT can be achieved in three paradigms:
internet-oriented (middleware), things oriented (sensors), and semantic-oriented
(knowledge). In application domains where the three paradigms intersect, the useful-
ness of IoT can be fully unleashed [5]. Tracking material for the steel manufacturing
industry is an example of such application domain, in which IoT can significantly
improve the current traditional procedure.

The growing needs for digitalization and automation in steel manufacturing
industry, along with the difficulties in the current traditional procedure of steel fabri-
cation and delivery, motivated the authors to propose an IoT architecture, which
supports digital and automated trackingof structural steel products.More specifically,
this paper presents a multi-layer IoT architecture which is applied in a case study,
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through designing data collection, transmission, and analyzing web-based applica-
tions for steel products tracking, as well as knowledge reuse for inventory manage-
ment purposes. Finally, the impact of this digital procedure on project integration
(horizontal, vertical, and longitudinal) has been discussed.

2 Background and Motivation

The Internet of Things (IoT) refers to several heterogeneous intelligent objects
(things) that are fully interconnected, and capable of communicating through the
Internet using various protocols [14]. The IoT provides new capacities to the “things”
including remote actuation to interconnected devices through wireless networks and
smart sensors [8]. Smart sensors along with cloud computing took the market in
various areas including retail, asset tracking, logistic, inventory management in
supply chains, and production lines [14]. This paper proposes an innovative solution
based on IoT, cloud computing, and RFID technology for identifying, tracking, and
positioning steel products, which has been successfully developed and piloted in a
steel manufacturing warehouse.

2.1 IoT and Tracking Technologies

Multiple tracking technologies are currently being applied in the manufacturing
industry, such as Bluetooth, GPS, QR code, WiFi, etc. The proposed technology for
tracking of steel products in this study is RFID, which stands for Radio Frequency
Identification. RFID is amethod for storing and retrieving remote data using antennas
called “RFID tags”. These tags are small objects, such as self-adhesive labels, that
can be stuck or incorporated into different objects. As shown in Fig. 1, once tags
are triggered by an electromagnetic pulse from a nearby RFID reader device, the tag
transmits digital data (such as an identifying number) back to the reader.

There are two types of RFID tags: passive and active. Passive tags are powered
by energy from the RFID reader’s interrogating radio waves, while active tags are
powered by a battery and thus can be read at a greater range (up to hundreds of

Fig. 1 RFID reading process
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meters) from the RFID reader. In this study, we chose passive RFID due to two
reasons: (a) reliability: this technology is very robust and it has been widely used for
industrial applications with satisfactory results, (b) price: passive RFID tags are less
expensive than other similar technologies, such as UWB (Ultra-wide-band).

We conducted a case study on a steel manufacturing plant similar to the study
performed by Valente and Neto in 2017.We have selected a Canadian steel manufac-
turing plant, to explore the application of IoT for improving inventory management
practices for a particular structural steel bar product in the plant warehouse. The
company produce many of these steel bars per year, and loss significant costs with
its current traditional inventory management process. Based on the proposed IoT
solution, the steel bars will be tracked with RFID technologies, allowing inventory
managers to save time and cost by accessing real time digital information of their
inventory.

3 Proposed IoT Architecture

3.1 Identification of Transformation Objectives

To conduct this case study on the application of IoT and RFID technologies for
inventory management, we have selected a special steel bar product. The selected
steel bars are temporary support required during the installation of other structural
steel elements, and they have to be returned to the plant after being used by the
client onsite. During the process of sending, installing, and returning these steel bars,
many of them have been lost, damaged, or stolen; making the company to undergo
significant annual costs to replace them. The inventory management process of the
selected steel bars was significantly manual, time-consuming, and error-prone as
well. The company was continuously looking for possible approaches to improve
and automate the warehouse management process using industry 4.0 technologies.

In order to understand the digital transformation objectives for transforming the
steel bar inventory, we have conducted virtual and physical observations, interviews,
and aKaizen blitzwith the plant director, inventorymanagers, and employees.During
the observations and interviews, we investigated the existing problems for the inven-
tory management, collected evidence, and gathered information to categorize defi-
ciencies and define improvement objectives. Table 1 summarizes the main problems
and associated objectives that have been identified during interviews. In order to
identify the improvement areas, we classified the objectives under process, product,
and service.

We have conducted a Kaizen blitz with plant stakeholders, to visualize inventory
management steps and identify process “wastes”, such as over-production, over-
processing, lost time, poor service, extra inventory, and information gaps. As shown
in Fig. 2, we focused on bars’ return management process (as it was the area where
most issues belong to), and developed planning steps diagram in a push/pull similar
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Table 1 Steel bars inventory problems, improvement goals, and objectives

Improvement area Problem Objective

Product Steel bars High annual loss, and
expensive fabrication costs

Reduce fabrication costs by:
automatic tracking of
returned bars, real-time
clients updating of the
missing pieces, and increase
clients responsibilities

Process Inventory management Manual and inefficient
inventory management
process

Reduce inventory
management costs by having
less manual works, through
automatic tracking and
inventory monitoring and
control

Service Rental services for the
clients

Costly service, broken lines
of communication with the
client for returning steel bars

Improve quality of service to
the clients by developing a
mobile application which
can provide access to bars
information i.e., delivered
and returned steel bar types,
quantities, number of racks,
BOLs, costs, etc

format. The color-coded boxes represent steps that could be eliminated or improved
through a digital transformation of the inventory. The blue boxes represent steps that
could be improved/eliminated by a tracking system that the company’s employees
could use; while grey boxes represent those steps that could be transformed if clients
could use an online or mobile steel bars tracking application. As shown, color-coded
steps represent more than 50% of the total tasks. This means there was more than
50% chance of increasing the efficiency and improving the whole process.

Based on the results of the Kaizen blitz, we came up with the idea of devel-
oping a steel bar IoT tracking application for the company, which could be used
by both clients and the bar inventory management team. In terms of the strategic
positioning of our proposed solution, as shown in Fig. 3, we consider this tracking
application as an improvement to the company steel bar tracking/inventory process,
as well as providing amonitoring service for the clients (through a web-basedmobile
application).

3.2 IoT Architecture

The proposed IoT architecture, as shown in Fig. 4, is developed and implemented
in a case study project in the plant. The developed steel bar tracking application is
based on using barcodes, RFID antennas, and readers for sensing and collecting data.
The data transmission is done by WiFi; the integration layer is covered by the same
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Fig. 2 Steel bar inventory return planning steps (Kaizen blitz)

Fig. 3 Strategic positioning of the proposed solution for transforming steel bars inventory

company providing the RFID readers; and finally, analysis and decisions layers are
the inventory operators and company engineers’ responsibilities. As shown in Fig. 4,
the proposed architecture consists of three main layers: system, network, and service
layers.
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Fig. 4 Main layers of the proposed IoT architecture

The system layer consists of coding, information acquisition, and information
access phases. In the coding phase, an ID number is assigned to each objects. Then
the objects can be recognized in the whole cycle of the IoT. For instance, clients
are provided with barcodes (installed on the racks or shown on pdf drawings). They
scan these barcodes with their smart phones, which direct them to the company’s
web-based steel bar application. This application is equipped with mobile tag reader
technologies, which are used by the clients to make sure they have collected all
received steel bars in returning racks. In addition, clients can use this application to
send automated alerts to project managers to inform that the steel bar racks are ready
for pick-up. The information acquisition phase is the source of the IoT. In this phase,
data is collected and objects are identified via RFID tags.

The information access phase is to transmit the obtained information from the
collection phase to the network layer. The information transmission network can be
mobile communication network (i.e., GSM, TD-SCDMA,WiMAX,WiFi, etc.). The
proposed network layer is a network platform, working based on IPV6. It consists
of a large intelligent network, which is capable of utilizing all the resources in the
network.Within the network layer, we have the information integration layer over the
cloud, to manage and control the collected data in the network in real-time. In order
to provide a good service interface to the application service layer for the clients, the
data is reorganized, filtered, integrated, and transformed into the content service in
the SOA. Finally, the service layer integrates the service capabilities and provides
the application service to the clients.
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3.3 Autonomous Process

The proposed autonomous steel bar inventorymanagement process has the following
steps:

Step 1: racks full of steel bars pass through the shipping doors located in the
inventory shop floor, before being placed on the trucks to be shipped to the site.
RFID reader identifies the tags, which pass through the doors. For the reading
purpose, tags are placed on each of the steel bars so they all have a unique ID,
which contains information such as the type of the steel bar. When the bars are
passing through the exit gates, two RFID antennas emit Radio Frequency waves
that are captured by the antennas of each of the labels and are returned to the
RFID antennas with the information regarding the identification number of each
of the bars. This captured information is transmitted from the RFID antennas to
an antenna’s hub. Each hub can gather information from multiple antennas at
the same time. RFID readers read the information from the antenna’s hub and a
specific software transforms it to be exported. The exported information can be
used by the client via online user application, transmitted by API, and integrated
with the company’s inventory management system.
Step 2: clients receive the steel bars onsite, use them as temporary supports during
the installation of other steel elements, and remove them once the installation
process is complete. Once removed, the clients put used bars back in racks, scan
racks’ barcodes with their smart phones, use company’s web-based application,
upload pictures of loaded racks, enter preferred pick-up date, receive pictures’
safety approval note, and the pick-up date confirmation.
Step 3: the returned racks to the shop pass through the shipping doors and the
tags’ reading information is recorded again by RFID readers.
Step 4: the collected data is automatically transferred to the cloud-based platform,
comparison charts are generated, and difference between sent and received bars
are calculated automatically in real-time. An automatic notification, which shows
the total differences (if any), is sent to the project managers, inventory managers,
and the clients.
Step 5: the inventory management team can quickly and easily make business
decisions based on the received tracking information (i.e., charging clients who
did not return all bars, fabricating the missing bars, etc.).

3.4 Further Applications

In addition to obtaining real-time control over the steel bar inventory, the imple-
mentation of IoT in this process helps clarifying the causes of lost or broken bars,
optimizing the life cycle of the bars and improving the quality of the final product.
It could also be the first step for developing a fully autonomous steel bars inventory
processing in the shop, including all steps (inspection, cleaning, classification and
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decisions) as well as fully autonomous decision-making system such as the timing
of increasing/decreasing the steel bar inventory or when to charge a customer. In
addition, the same tracking technology can be applied to other company’s products.
Furthermore, it could help the company to continue with its Industry 4.0 and lean
strategy, accelerating the integration of IoT in other processes such asmanufacturing,
or the global inventory.

4 Discussion

The tracking and monitoring service provided by IoT enables integration with the
enterprise systems to support decentralized decision-making activities. The inte-
gration of product tracking in the daily operation of a steel manufacturing plant
will increase automation levels by reducing manual tasks in various procedure, for
instance in inventory management practices [9].While IoT increases the automation,
it also affects the project integration.

According to Kaur and Kaur [7], IoT provides a platform for person-to-person
(P2P), machine-to-machine (M2M) and person-to-machine (P2M) communications
and interactions (shown in Fig. 5). In this study, we aimed to understand the impact
of these interactions on three levels of project integration as described by Oesterreich
et al. in 2016. According to Oesterreich et al., three levels of integration are required
to implement Industry 4.0 technologies: horizontal, end-to-end digital and vertical
integrations.

Horizontal integration (HI) through value networks which refers to the integration of
IT systems, processes and data flows between various stakeholders and companies.
For example, integration between different clients, suppliers, and external partners
enables stronger collaboration with value chain partners across enterprise borders.

Fig. 5 IoT communication
scenarios
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In this case study, the proposed IoT solution helped various partners from different
disciplines (external customer, internal teams, engineers, and sale department) work
together simultaneously and more efficiently. The P2P (i.e., the client to the plant
management team, the logistic team to the client, etc.), and P2M (i.e., reader alerts
for the missing steel bars to the inventory management team) communication and
collaboration over the cloud platform, made the whole process shorter and less error-
prone than the traditional method.

End-to-end digital integration (EI) of engineering across the entire value chain results
in a reduction of internal operating costs through facilitating highly customized
products. In this model, cyber-physical systems are required to enhance digital inte-
gration of the value chain. In the conducted case study, the M2M (i.e., automati-
cally printed customized digital BOL) communication improved digital integration
through reducing manual paper work, which was being performed by the inventory
management team.

Vertical integration (VI) and networked manufacturing systems result in a smart
manufacturing environment. For example, integration of IT systems, processes, and
data flows within the enterprise business units from product development to manu-
facturing lines, inventory, logistics, and sales for cross-functional collaborations. In
the case study, the P2P (i.e., the plant management to the pre-construction team, the
procurement to the design team, etc.), and the P2M (i.e., notification alerts for the
shortage of steel bars in the inventory to the design and fabrication teams) commu-
nications enhanced vertical integration between various business units. These digital
collaborations through IoT platform provided team members with a real-time access
to the project information and ultimately reduced the amount of human errors.

As shown in Fig. 6, P2P and P2M collaborations improve horizontal and vertical
integrations, while M2M digital communication and collaboration mostly affect the
end-to-end digital integration.

5 Conclusion

In this article, the primary goal was to propose an Industry 4.0 solution for improving
the traditional process of a warehouse management in structural steel manufacturing
industry. In addition, we aimed to explore the impact of the proposed solution on
projects integration levels as described by Oesterreich et al. [10]: horizontal, end-
to-end digital, and vertical. Based on the outcomes of this research, the following
conclusions are drawn:

• The IoT technologies are currently accessible for various industrial applications;
however, their widespread adoption by the construction sector has not taken place
yet [10]. Studies demonstrate practical ways for the adoption of IoT and RFID
tracking technologies to digitise and automate the construction material invento-
ries for fabrication plants. We developed an IoT and RFID tracking system and
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Fig. 6 Industry 4.0 technologies and project integration levels

conducted a case study in a steelmanufacturing plant. The results of our case study
showed that the developed platform provides new possibilities for digitalization
and integration in the steel fabrication industry. The web-based cloud-based auto-
mated tracking application helped project managers to reduce project costs and
improve the overall efficiency of the warehouse management practices.

• The impact of the developed IoT tracking architecture on project integration has
been investigated in this study. As per the results, people-to-people, machine-to-
machine, and people-to-machine communications through IoT technologies have
impacts on projects integration in the context of industry 4.0: horizontal, vertical,
and end-to-end digital integrations. While IoT-based communications can affect
all levels of integration, horizontal and vertical integrations are mostly influenced
by person-to-person and person-to-machine communications and digital collabo-
rations, while machine-to-machine communication mostly affects the end-to-end
digital integration. We have concluded that the digital collaboration provided by
the developed IoT solution, improves the integration in our case study project.

It is recommended to conduct further research and studies on different types of
projects in order to understand the positive or negative impact of I4.0 technologies
and decentralize decision-making strategies on a global integration from a project
and organizational point of view.
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UAV Applications in the AEC/FM
Industry: A Review

Mohammed Sulaiman, Hexu Liu, Mohamed Bin Alhaj,
and Osama Abudayyeh

1 Introduction

In the last decade, unmanned aerial vehicle (UAV) has been increasingly used for the
engineering applications in the architecture, engineering, construction, and facility
management (AEC/FM) industry [7]. Primarily, UAVs were used for progress moni-
toring and work inspection, such as construction operation, bridge maintenance, and
infrastructure inspection [4]. It is because UAV offers the ability for remote data
collection [18]. It is proven to be one of the most economical and effective technolo-
gies in data collection, especially for inaccessible areas [11]. The increasing research
efforts regarding UAV applications in the AEC/FM industry lead to a large amount
of literature. In this context, several reviews were presented in the existing litera-
ture to summarize these efforts in this field. However, most of the existing reviews
applied qualitative analysis to reveal the research trends and future directions. For
instance, Shakhatreh et al. [17] presented a systematic review for revealing the UAV
civil applications with their potential challenges. Another qualitative reviewwas also
conducted by Albeaino et al. [1]. They reviewed 86 peer-reviewed articles with the
aim of classifying the applications of UAV in the AEC/FM domain and highlighting
its research trends. In their review, the collected articles were critically analyzed
and discussed in terms of inspection of structure and infrastructure, transportation,
monitoring work progress, safety, city and urban design, heritage protection, and
disaster management. However, such a manual review is a qualitative analysis, and
a conclusion is formed based on a limited number of peer-reviewed articles. For this
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reason, it fails to provide quantitative insights into the targeted research field. Unlike
existing reviews, this research represents a quantitative analysis of the state-of-the-
art of UAVs for AEC/FM applications to discover the research trends, challenges,
and future directions.

2 Methodology

The research aims to provide quantitative insights into the UAV applications in the
AEC/FM industry and reveal the UAV’s potentials and challenges in this area. The
review in this study is carried out through quantitative analysis (i.e., bibliometric
analysis). The bibliometric analysis allows for quantitatively answering the research
question of research trends and intensive recognition of challenges and demands of
the research related to drone UAV applications in the AEC/FM industry. Figure 1
describes the research methodology. It starts with collecting and retrieving data from
the research database. The Scopus database was used in this research because it
covers interdisciplinary research and journal papers [10]. Journal publications related
to UAV applications in AEC/FM domain were collected using the keywords such
as “Unmanned Aerial Vehicle” OR “Drone” and “Architecture” OR “Engineering”
OR “Construction” OR “Facility Management” in the Scopus database. It is worth
mentioning that the keywords are determined based on existing literature reviews
[3, 6, 10, 14]. Furthermore, these selected keywords were used to search the field of
titles, abstracts, and keywords sections to identify related journal articles. The search
was limited to 10 years of publications between 2010 and 2020, the English language
publications, and the field of engineering and computer science. The search initially
resulted in 2249 journal articles. These journal articles are refined by choosing the
relevant fields such as engineering and computer science. The screening process

Fig. 1 Methodology
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ended up with 552 journal documents. Following that, a bibliometric analysis was
applied in order to identify the statistical characteristics of the UAV research publi-
cations. This quantitative bibliometric analysis was performed by means of author
Keyword co-occurrence and citation mapping. VOSviewer was used for bibliometric
analysis because of its ability in performing and visualizing a map of co-occurrence
authors keywords and citation map [10].

3 Results

3.1 Keyword Co-occurrence

The keyword co-occurrence network was generated using VOSviewer based on
author keywords of selected 552 academic papers. In the VOSviewer, the number
of keyword occurrences was set as three, and the percentage of the keywords to be
selected was 80%. In addition, all keywords that have the same semantic meaning
were combined to enhance the result of the developed map—for instance, UAV and
Unmanned aerial vehicles combined with the drone. Figure 2 presents the total of
65 keywords of the 1969 keywords that are included in the co-occurrence network.
This network, consisting of 65 keyword clusters and 195 links, represents the major
research topics in the UAV applications in the AEC/FM industry. The keyword clus-
ters contain five colors that classified into four groups (1) path planning/collision
avoidance (orange and pink clusters), (2) safety (red cluster), (3) data and data

Fig. 2 Author keywords co-occurrence
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processing (green cluster), and (4) internet of things (IoT) (blue cluster). Table 1
tabulates the keywords of the co-occurrence network.

3.1.1 Path Planning/Collision Avoidance (Orange and Pink Clusters)

As shown in Fig. 2, many efforts have been dedicated to UAV path planning for the
inspection purpose. It results in the largest cluster with frequent keywords of control,
optimization, bridge inspection, formation control, fault-tolerant control, distributed
robot systems, multi-robot coordination, mobile robots, wireless communication,
collision avoidance, autonomous vehicles, remotely piloted aircraft systems, and
GPS receiver. This research cluster implies that UAV-based inspection activity is
demanded in the AEC/FM industries. UAV path planning was extensively studied to
automate optimal flight path planning in consideration of the UAV limitations such
as batteries [19]. Also, collision avoidance is studied to ensure the safety of UAV
operations during the inspection. Meanwhile, UAV-based energy management has
also been studied to achieve better and safer inspection processes, reduce inspection
time, save labor costs, and avoid entering dangerous places. As shown in Table 1, the
average publication year for “Inspection” is 2019, indicating its emergency in the past
two years. On the contrary, the average publication year for “Path Planning” is 2017,
suggesting that it has attracted more attention in the past four years. For example,
previous studies concentrated on outdoor path planning for UAV operations. In this
sense, further research on indoor path planning deserves more efforts to achieve
smart indoor inspection using drones in the AEC/FM industry.

3.1.2 Safety (Red Cluster)

Safety is attracting attention for the use of UAVs in the AEC/FM industry. As shown
in Fig. 2, keywords such as privacy, security, routing protocols, simulation, mobility,
edge computing, cloud computing, UGV, disaster management, and detection are
frequently used. In particular, in the occurrence map, safety has the highest occur-
rence of 9 with the average publication year of 2017 (see Table 1). Moreover, as part
of the safety, security keyword has frequently appeared with an average of the publi-
cation year 2018 and occurrence of 5. Furthermore, concerning privacy has been
used in the average publication year of 2018. A critical challenge of using UAVs is
privacy [12], since UAVs are equipped with cameras. Consequently, it is important to
consider privacy in the use of UAVs. Furthermore, the keyword of routing protocols
is related to UAVs in the AEC/FM industry with an average population year of 2018.

3.1.3 Data/Data Processing (Green Cluster)

One of the most critical areas is the data processing, i.e., green cluster (see Fig. 2).
The imagery data with a high resolution collected using UAVs can be processed
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Table 1 Occurrence of author keywords

Keywords Links Link strength Occurrence Average
publications year

Average citations

Algorithm design
and analysis

3 5 3 2019 0

Autonomous
vehicles

4 4 3 2016 22

BIM 8 9 4 2017 25

Bridge inspection 5 6 3 2018 21

Cloud computing 8 9 6 2019 10

Collision
avoidance

4 7 6 2016 9

Computer vision 13 22 10 2017 20

Control 6 17 12 2017 13

Convolutional
neural networks

4 5 3 2019 2

Deep learning 7 16 8 2019 2

Deep neural
network

3 4 3 2019 12

Detection 2 4 3 2019 2

Device-to-device
(d2d)

2 4 3 2019 14

Disaster
management

3 3 3 2018 2

Distributed robot
systems

6 16 4 2017 16

Drone 63 195 298 2017 10

Edge computing 6 9 6 2019 3

Energy
consumption

4 6 5 2019 2

Energy efficiency 2 5 6 2018 5

Energy
management

3 4 3 2017 8

Fanet 6 11 6 2019 10

Fault tolerant
control

2 4 4 2016 6

Flight control 2 3 3 2013 11

Formation control 3 6 5 2017 11

Fuzzy logic 2 5 4 2017 6

GPS receiver 3 7 3 2020 1

Image processing 7 10 7 2017 14

(continued)
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Table 1 (continued)

Keywords Links Link strength Occurrence Average
publications year

Average citations

Inspection 8 10 3 2019 11

IoT 15 24 14 2019 9

Localization 3 4 3 2019 1

Machine learning 11 15 7 2019 13

Mobile robots 8 18 5 2017 13

Mobility 7 8 3 2017 12

Multi-agent
systems

4 4 3 2016 10

Multi-robot
coordination

6 15 3 2016 21

Navigation 6 9 5 2016 15

Obstacle
avoidance

7 10 5 2017 12

Omnibusf4v3 3 7 3 2020 1

Optimization 3 6 4 2019 0

Particle swarm
optimization

5 8 6 2017 34

Path planning 10 17 14 2017 16

Photogrammetry 6 10 7 2017 69

Point cloud 5 7 3 2017 19

Pose estimation 3 5 3 2018 4

Positioning 2 3 3 2019 0

Privacy 6 8 3 2018 3

Remote sensing 5 7 4 2018 1

Remotely
operated vehicles

6 15 3 2016 21

Remotely piloted
aircraft systems

2 4 4 2018 14

Routing 3 4 3 2016 33

Routing protocols 5 8 3 2018 18

Safety 7 11 9 2017 3

Safety case 2 5 3 2017 19

Security 13 17 5 2018 5

Self-organization 3 4 3 2018 7

Simulation 8 12 7 2017 9

Smart city 6 7 3 2019 3

Stm32f405 3 7 3 2020 1

(continued)
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Table 1 (continued)

Keywords Links Link strength Occurrence Average
publications year

Average citations

Trajectory
planning

2 4 3 2016 26

UGV 5 8 4 2018 5

Visual inspection 4 6 3 2019 5

Visual navigation 6 11 3 2017 12

Visual tracking 3 3 4 2017 3

Wireless
communication

3 4 4 2019 4

Wireless sensor
network

5 9 5 2018 1

using machine learning [16]. As shown in Table 1, the average publication year for
“Machine learning” is 2019, showing its popularity in the past two years. As such,
such keywords as convolutional neural networks, deep neural network, point cloud,
computer vision, photogrammetry, building information modeling (BIM), naviga-
tion, remote sensing, deep learning, and visual tracking appear in this cluster. Several
studies explored the use of UAVs for visual monitoring in the AEC/FM industries.
As remote sensing, the application of UAVs has been studied with the average of the
publication year of 2018. The use of BIM technology with drones has a significant
value of research that is being studied in order to achieve the compression between
as planned as built. For instance, Qu et al. [15] integrated BIM technology with UAV
to monitor the construction work progress. Since the BIM provides as-planned data
and UAVs collect as-built data. Another example for the use of UAV with BIM, is
the automatic monitoring of construction progress through the implementation of
UAV and 4D BIM [5]. Also, Liu et al. [9] proposed a safety inspection process by
integrating UAV with dynamic BIM to identify hazards. The Keyword BIM appears
in the research with the average year of 2017. The data collected by UAV, such
as images and videos, can be processed and analyzed using the image processing
technique. For example, Ellenberg et al. [2] proposed the use of UAV with image
processing for the inspection of bridge structure damages. The proposed approach
was tested and identified the structural cracks in lab experiments. Image processing
appears with the average publication year of 2017, as shown in Table 1.

3.1.4 IoT (Blue Cluster)

Internet of things (IoT) is the emerging technology that is crucial in the smart use
of new technologies. The research of applying UAVs in the field of AEC/FM has
used the keyword of IoT with an occurrence of 14 with an average publication year
of 2019. The use of IoT on operating the drone is valuable. For example, Kim and
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Ben-Othman [8] proposed a surveillance model that avoids collision for a multi-
domain IoT environment using smart UAV. McCabe et al. [13] suggested further
research for IoT-based UAVs since the integration brings the opportunity to enable
intelligentmonitoring of the construction and facility.Another keyword in this cluster
is localization, with an occurrence of 3 and an average publication year of 2019. In
addition, the keywords of energy consumption and energy efficiency were used in the
research of UAV-based AEC/FM applications with the average publication year of
2019 and 2018. Moreover, the keyword trajectory planning appears in the literature
with an occurrence of 3 and the average publication year of 2016. Furthermore, the
keyword device-to-device (d2d) was found in the cluster with an occurrence of 3 and
an average publication year of 2019.

3.2 Citation Analysis

Thecitation analysis for the selecteddocuments has beenperformed to identify signif-
icant publications in the area of UAV for the AEC/FM industry. In the VOSviewer,
the minimum number of citations was set at 30 and resulted in 57 publications. The
highest-cited 15 documents are provided in Table 2. The classification of the highest
cited papers is as follows: (1) numbers 2, 6, and 12 in Table 2 on control (i.e., Group
1) and (2) numbers 8 and 14 in Table 2 on the outdoor and indoor environment (i.e.,
Group 1). Furthermore, papers (Number 5 and 10 in Table 2) are related to wireless
communication and drone communications (i.e., Group 1). Number 15 in Table 2 is
about the data collection (i.e., Group 3). It is clear that the research in UAV appli-
cations in the AEC/FM industry has been highlighted in these two groups. Another
significant publication (Number 7 in Table 2) is related to the IoT (i.e., Group 4). It
clarifies the advantages of drone applications. Furthermore, Number 9 in Table 2 is
on collision avoidance that is an essential area of research for UAV operations (i.e.,
Group 1).

4 Discussion

The keywords co-occurrence analysis usingVOSviewer identified the research trends
of the UAV applications in the AEC/FM industry and classified them into four clus-
ters, including (1) path planning/collision avoidance, (2) safety, (3) data and data
processing, and (4) IoT. These four clusters mainly focus on the optimal flight
path planning, flight control, avoid collision, the coordination of multi-robot, the
distributed robot systems,wireless communication, drone safety, the privacy concern,
security, routing protocols, navigation, data collection, processing data through
machine learning, localization, IoT, and energy management. As indicated in Fig. 1
and Table 2, Group one and Group three have the most attention from scholars in
UAV applications in the AEC/FM industry. Even with this, UAV path planning for



UAV Applications in the AEC/FM Industry: A Review 257

Table 2 Most cited documents related to UAV applications in the AEC/FM industry

Number Document Title

1 Siebert s. (2014) Mobile 3D mapping for surveying earthwork projects using an
Unmanned Aerial Vehicle (UAV) system

2 Maza i. (2010) Multi-UAV cooperation and control for load transportation
and deployment

3 Lu h. (2018) Motor anomaly detection for unmanned aerial vehicles using
reinforcement learning

4 Cesetti a. (2010) A Vision-based guidance system for UAV navigation and safe
landing using natural landmarks

5 Li b. (2019) UAV communications for 5G and beyond: Recent advances
and future trends

6 Kendoul f. (2010) Guidance and nonlinear control system for autonomous flight
of minirotorcraft unmanned aerial vehicles

7 Gharibi m. (2016) Internet of Drones

8 Chowdhary g. (2013) GPS-denied indoor and outdoor monocular vision aided
navigation and control of unmanned aircraft

9 Lai j. (2011) Airborne vision-based collision-detection system

10 Tuna g. (2014) Unmanned aerial vehicle-aided communications system for
disaster recovery

11 Zhang c. (2012) An unmanned aerial vehicle-based imaging system for 3D
measurement of unpaved road surface distresses

12 Rinaldi f. (2013) Linear quadratic control for quadrotors UAVs dynamics and
formation flight

13 Han j. (2013) Low-cost multi-UAV technologies for contour mapping of
nuclear radiation field

14 Benini a. (2013) An IMU/UWB/vision-based extended kalman filter for
mini-UAV localization in indoor environment using 802.15.4a
wireless sensor network

15 Jawhar i. (2014) A framework for using unmanned aerial vehicles for data
collection in linear wireless sensor networks

indoor inspection is still a challenge. Alongwith the indoor inspection, GPS receivers
for indoor inspection (GPS receiver with the occurrence of 3, the average publica-
tion year of 2020, and the average of citation 1 as shown in Table 1) demand more
investigation. Safety and privacy are important aspects to consider in further research
since people are concerned about protecting their privacy.

Moreover, the keyword privacy appears with an occurrence of 3, the average
publication year of 2018, and average citation of 3 as shown in Table 1. In addition,
drone and data processing is a significant area that is being studied by scholars to
identify data processing techniques to analyze the data such as images and video
(image processing keyword with the occurrence of 7, the average publication year
of 2017, and average citation of 14 as shown in Table 1). Another important area
that has the potential to facilitate the inspection process using UAVs in the AEC/FM
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field is BIM technology. It is because BIM allows the collection of geometric data as
planned to match-up and differentiate with actual implementation in the site (BIM
keyword with the occurrence of 4, average of the publication year of 2017, and the
average of citation of 25 as shown in Table 1). Lastly, one crucial area is IoT, and
identified as cluster 4 has a significant role in the UAV’s operation, such as smart
operation and localization. The keyword of IoT has an average citation of 9, as shown
in Table 1.

5 Conclusion and Future Work

This paper aims to identify the state of the art of research for UAV applications in the
AEC/FM industry. VOSviewer has been applied to conduct a bibliometric analysis
in the area of UAV application in the AEC/FM industry based on the literature for the
last ten years (from 2010 to 2020) retrieved from Scopus. The bibliometric analysis
is presented in the form of the co-occurrence of the author keywords and citation
analysis. The results include the research trends ofUAVapplications for theAEC/FM
industry, challenges of the UAV applications, and future research directions. Further-
more, the research needs are as follows: (1) indoor path planning, (2) drone limita-
tions such as batteries, (3) the integration between BIM andUAV, (4) privacy concern
and (5) the integration of UAV-IoT for smart operation. This paper contributes to the
body of knowledge by (1) quantitatively analyzing the research trends related to drone
UAV for AEC/FM applications, (2) identifying research needs and future direction
through the discussion of research clusters. Further research, including mixed types
of analysis such as quantitative and qualitative for UAV applications in the AEC/FM
industry, will be applied in future research.
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Scheduling Annual Inspections
of Sanitary Trunk Sewers Using
a Prioritization Framework

Khalid Kaddoura, Nicholas Gan, and Leo Chen

1 Introduction

Sewers are an essential asset for any community [1, 4]; it is considered a core asset
as per the Government of Canada [3] and US Homeland Security Department [7].
Their main service is to transfer sewers safely to wastewater treatment plants or any
disposal areas. Generally, these assets are subject to deterioration due to external (i.e.
soil condition) and internal factors (i.e. sewage material). These assets, if not well
managed, will deteriorate and eventually cause major consequences upon failure [6].
Therefore, it is essential to properly plan andmanage these assets during their service
lives [2].

Condition assessment is one of the primary steps utilized prior to performing
maintenance, rehabilitation, or replacement activities. In sewers, the most commonly
used inspection technique is the closed-circuit television (CCTV). The results from
this inspection are used to evaluate the internal condition of the pipeline to determine
the structural and operational states.

In partnership with Water Research centre (WRc) and to establish a database
for the North American market, the North American Sewer Service Companies
(NASSCO) developed the PipelineAssessmentCertification Program (PACP),which
is a standard utilized by municipalities across Canada and the United States (US)
[5]. In PACP, each defect is assigned a code, where each defect code has a specific
condition grade ranging from 1 to 5.

Condition grades are one of the main inputs to any risk management framework
along with the consequence of failure. Incorporating both parameters will aid in
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prioritizing assets for inspections and/or rehabilitation and maintenance. Ultimately,
the main goal is to avoid major disruptions while keeping assets in an acceptable
condition (depending on a threshold determined by a specific municipality).

The existing literature includes a variety of researches that developed prioriti-
zation models to tackle the planning issue in sewer networks. However, prioriti-
zation methodologies specific to trunks were not specifically identified. In addi-
tion, a detailed desktop analysis of the accessibility factor was rarely discussed and
modelled. Thereby, the main aim of this paper is to present a methodology to priori-
tize trunk sewers based on an Importance Grade that accounts for the criticality and
accessibility.

Once the ImportanceGrade is calculated for each STS segment, the corresponding
vulnerability and ICG can be combined to determine an inspection frequency. This
model can be utilized by cities and municipalities to plan for future interventions on
their sewer networks.

2 Methodology

The methodology in this paper aims at discussing the development of an Importance
Grade (Fig. 1), which was one of the overall tasks of the project. In summary, the
project consisted of three main tasks:

1. Inventory review of Sanitary Trunk Sewers (STS) and their distance from
floodplains and waterbodies.

2. Review of historical condition assessment using CCTV data as well as the
development of multiple regression prediction models to predict uninspected
STS and geoprocessing the STS data to develop an accessibility model.

3. Incorporate accessibility information, CCTV data and predicted grades, and
vulnerabilities of each STS to prioritize assets.

Fig. 1 Methodology
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3 Case Study

This paper implemented the models developed on the STS network for the Region
of Peel in Canada. The Region is responsible for the operation and maintenance
of the STS network, pumping stations, and wastewater treatment plants within the
RegionalMunicipality of Peel boundaries. TheRegion implements a robust condition
assessment and rehabilitation program but aims to enhance its existing practices
through a reliable prioritization process.

Based on the inventory of the network, the majority of the STS segments were
installed between 1967 and 1976 (Fig. 2). The total length of segments observed
with a missing year of installation was roughly 1.7 km. The “Unknown” bin includes
assets that have years of installation entries as “1/1/1900” and “1/1/9999”. Approxi-
mately 175 km of the STS ranged between 750 and 1050 mm. This range dominated
the sizes of the STS by length (Fig. 3). Roughly 18 km of STS have diameters
greater than 1950 mm. Concrete STS dominate the material types with a total length
of approximately 244 km. The second most governing material is the Reinforced
Concrete STS, with a total length of 46 km (Fig. 4).
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Table 1 CoF scores Category Scores

Negligible 1

Low 2

Moderate 3

Severe 4

Catastrophic 5

Within the geodatabase, the CoF results were also available which were used to
calculate the overall Importance Grade. The CoF criteria were based on the impacts
of:

• Structural Failure;
• Capacity; and
• Blockages.

Each criterion consisted of scores ranging from 1 to 5. The scores were defined
as per Table 1.

4 Model Development

4.1 Accessibility

An understanding of the pipeline accessibility considerations for operations, mainte-
nance, rehabilitation, or replacement (interventions) is essential for enhanced plan-
ning and management activities. Theoretically, the determination of accessibility
level relies on multiple factors to distinguish accessible and inaccessible pipelines.
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Generally, accessible pipelines have a higher probability to be selected for inter-
ventions when compared to inaccessible sewers. The latter requires significant
planning, communication, coordination activities between different communication
channels prior to any maintenance activities. As part of the planning, considering
intervention actions for inaccessible sewers may require enabling work requirements
whichwould increase the overall intervention costs. Given these circumstances, some
of these pipelines may dominate the backlog of any financial planning.

Overlooking these types of assets decreases the opportunity of monitoring their
deterioration behaviour. Increased risks will further be associated with larger diam-
eter pipelines that, in case they collapse, would have significant failure consequences
in terms of the economy, environment, operation, and society. Therefore, sewer
networks that are managed considering risk-based approaches consider accessibility
to highlight their significance for budget planning. Overall, studying the accessibility
of sewers:

• Determine the required level of communication and planning activities prior to
any intervention

• Assist in the budget allocation needed for accessible and inaccessible sewers
• Align with the Region’s Levels of Service (LoS) performance measures require-

ments for managing STS
• Increase attribute definition of STS in a geodatabase
• Enhance risk-based application for better prioritization conclusions.

The accessibility study conducted in this assignment was a desktop-based model
that relied on available attribute data of STS to differentiate the accessibility levels of
existing assets according toHigh,Moderate, and Low. Table 2 shows the accessibility
factors and definitions.

Ultimately, prioritization, scheduling and optimized budget allocation problems
are mostly focused on activities critical to ensure sustainable performance of the
assets. The accessibility factors included parameters related to STS proximity to
water bodies, environmentally sensitive areas, among others which are found in
Table 2. While these parameters increase the overall criticality of any asset, as per
the Environmental Protection Agency (EPA)’s maintenance practices, scheduling is
a major component of the overall process. Determining the annual inspection based
on prioritization is relevant to a scheduling problem. For any schedule considering
a finish to start activities (a typical relationship in sewer inspection), successors that
are expected to be delayed due to a longer duration of a predecessor are prioritized for
optimized scheduling; in scheduling, these are called “long-lead” items/activities.

Assets with lower accessibility would most likely require civil/mechanical
enabling work, communication between different stakeholders, traffic arrangement
needs, etc. Therefore, they need additional time for preparation compared to higher
accessibility assets; they need to be given an additional degree of focus to add another
layer of prioritization.

Since the accessibility is based on multiple factors, combining the contribution
of each factor on the accessibility level is necessary. Therefore, the accessibility
was determined by deploying a weighted average method, where each factor has a
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Table 2 Accessibility factors

ID Factor Definition

1 Watercourse This factor determines the distance of the
STS closest to a watercourse. STS that are
closer to watercourses will have a decreased
accessibility levels

2 Rail road crossing This factor is based on binary data. STS that
crosses railroads will have a decreased
accessibility levels

3 Easement This factor determines whether the STS is
located within an easement or not. STS that
are within an easement would have decreased
planning requirements when compared to
STS that are outside the easement. Therefore,
STS within an easement will have a higher
accessibility level

4 Floodplain This factor determines whether the STS is
located within a floodplain or not. STS that is
within a floodplain will have a higher
probability of flood events. STS within these
locations would have decreased accessibility
levels (this is based on the worst-case in
which STS requires maintenance while the
location is flooded)

5 Bridge and culvert proximity This factor determines the distance of the
STS to the closes bridge or culvert. STS that
are closer to bridges or culverts will have
decreased accessibility levels

6 Woodland
Provincial park
Toronto and region conservation authority
(TRCA)
Credit valley conservation (CVC)

This factor determines whether an STS is
located in woodland, provincial park, TRCA
area, and CVC area. STS that is within any of
these areas will require significant
coordination and planning level

7 Land use This factor determines the type of land an STS
is located in. Vacant lands will have higher
accessibility levels than commercial areas

8 Street class This factor determines the class of a street an
STS is located in. Streets with higher Average
Annual Daily Traffic (AADT) is expected to
have lower accessibility levels

specific relative importance weight (refer to Eq. 1).

Accessibili t y =
8∑

i=1

Wi AVi (1)
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where Wi is the relative importance weight of each factor; AVi is the attribute value
of each factor. The attribute value ranges between 1 (low accessibility level) and 10
(higher accessibility level) (refer to Table 3).

Based on the relative importance weights and attribute values, Eq. 1 supplies a
grade that ranges between 1 and 10. As per the definition of the attribute values,
grades that are closer to 1 represent low accessibility levels and grades that are closer

Table 3 Accessibility factors attribute values

ID W (%) Factor Attribute Attribute value (AV)

1 25 Watercourse Up to 5 m 1

5–30 5

>30 10

2 10 Railroad crossing Yes 1

No 10

3 5 Easement Yes 10

No 1

4 25 Floodplain Yes 1

No 10

5 10 Bridge and culvert proximity Up to 5 m 1

5–30 5

>30 10

6 15 Woodland
Provincial park
Toronto and region
conservation authority
(TRCA)
Credit valley conservation
(CVC)

Yes 1

No 10

7 5 Land use Agricultural 10

Commercial 5

Government 1

Industrial 1

Institutional 1

Residential 5

Special purpose 1

Vacant 10

8 5 Street class Local road—Major 5

Local road—Minor 10

Provincial freeway 1

Ramp 1

Regional road 1
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Table 4 Accessibility rate
and grade

Accessibility rate Lower breakpoint Higher breakpoint

High >7 10

Moderate >4 7

Low 1–4 4

to 10 indicate higher accessibility levels. Similarly, a computed accessibility grade
that is closer to 1 represents a low accessibility level, and a grade that is closer to 10
represents a higher accessibility level.

These grades are divided into qualitative ratings based on three-point definitions,
and the breakpoints are shown inTable 4. For instance, anSTS that has an accessibility
grade of 4.5 is defined in the Moderate category.

4.2 STS Importance Grade

The STS Importance Grade accounts for a detailed desktop accessibility analysis and
considers the CoF study supplied by the Region. Each score, from the accessibility
analysis and CoF, are aggregated using relative importance weights. Considering
the equivalent importance of the CoF and accessibility, each score is assigned a
relative importance weight of 50%. Hence, the contribution of the CoF and acces-
sibility scores is similar. The scores of 1–10 assigned for the accessibility are
linearly converted so that higher scores would represent lower accessibility while
lower scores would refer to higher accessibility. Therefore, the CoF and accessibility
scores are consistent once applied. Any aggregation of the two scores will provide
an overall indication to prioritize STS; an aggregated score closer to 10 would reflect
an increased priority of the analyzed STS.

The STS Importance Grade can be calculated as follows:

ST S Importance Grade = 0.5× CoF + 0.5× Accessibilt y (2)

The calculated grades can be converted to categories as per Table 5.

Table 5 STS importance
grade breakpoints

STS importance category Breakpoints

Low 1–4

Moderate 4–7

High 7 and greater
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5 Results

The accessibility ratings are divided into three categories: High, Moderate and Low.
Based on the set of criteria, attribute values, and relative importance weights, an
accessibility gradewas computed. FromFig. 5, the Low andModerate category share
almost the same length of STS with a value of 251 km. This length corresponds to
approximately 79% of the STS inventory. From the same figure, 66 km of the STS
segments rated as Low accessible assets. Further, all three accessibility ratings were
observed in all diameter ranges. The greatest total length of Low accessible STS was
observed in the diameter range between 750 and 1050 mm with a length of 27 km;
however, the share of this length to the total length was the lowest when compared
with other diameter ranges. The highest percentage of the Low accessible STS was
observed in larger diameters (greater than 1500 mm).

When combing the CoF scores with the accessibility scores, the STS Importance
Grade was computed. As per Fig. 6, more than half of the STS were in the Moderate
to High. Since the STS Importance Grade accounted for the accessibility parameter,
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Fig. 7 STS in Brampton

the floodplain and proximity to water bodies were considered in the prioritization
scheme. Based on the prioritization and from the identified STS that would be sched-
uled for inspection in the next five years, 84% (136 km out of 162 km) of the observed
STS were within a floodplain and 87% (83 km out of 95 km) of the STS were within
a 10 m distance of the closest water body. The total length of STS segments that
were within a 10 m distance of water bodies and were within a floodplain identified
for an inspection within the five-years was 76 km (96% of the total length of STS
that were within a floodplain and within 10 m distance of a water body). Geographic
Information System (GIS) maps are generated to display the segments by their STS
Importance Grade category (Figs. 7 and 8).

6 Conclusions

Planning and management of trunk sewers are essential to limit risk exposures. In
an effort to enhance existing practices utilized at the Region of Peel, a methodology
was developed to prioritize STS at a close proximity to floodplains and water bodies
for inspection. The presented methodology relied on data collected from the Region,
including shapefiles and existing CoF results. The Importance Grade for each STS
was calculated through the weighted average method by considering the scores of
the accessibility and CoF. The accessibility considered eight different parameters,
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Fig. 8 STS in Mississauga

including proximity towatercourses, railroad crossing, easement, proximity to flood-
plain, proximity to bridge and culvert, environmentally sensitive areas, land use, and
street class. The accessibility and STS Importance Grade ranged between 1 and 10,
where grades closer to 10 have higher importance. The total length of STS segments
that were within a 10 m distance of water bodies and were within a floodplain iden-
tified for an inspection within the five-years was 76 km (96% of the total length of
STS that are within a floodplain and within 10 m distance of a water body). Based
on the findings and by incorporating the vulnerability, ICGs and STS Importance
Grades, the Region will most likely be inspecting 36 km of STS segments per year
in the next five years.
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Use of Virtual Reality to Minimize
the Spread of Covid-19 on Construction
Sites

Allison Boyd, D. Cody Bradley, and Lloyd M. Waugh

1 Introduction

In 2004 the University of New Brunswick (UNB) began preliminary work on a
virtual reality documentation (VR Doc) system to document construction progress.
The first ongoing VR Doc system [1] was developed in 2006 for the New Brunswick
Department of Supply and Services on the Hartland School project [2]. A variety
of projects have been completed since then, including documentation of: the Point
Lepreau Nuclear Generating Station Refurbishment for NB Power Corporation, the
One Mile House Interchange for the New Brunswick Department of Transportation,
and the New Brunswick Law Courts jointly for Bird Construction Inc. and the New
Brunswick Department of Supply and Services. Some of the major improvements to
VR Doc since its introduction include faster processing, the ability to use VR Doc
on both Mac and Windows software, a faster and more user-friendly interface, and
overall quality improvements. Historically, VR Doc had four purposes (a) virtual
site visits, (b) photographic as-builts, (c) pre-emptive delay claim resolution, and (d)
training junior project managers. This paper applies the virtual site visit capabilities
of VR Doc in reaction to COVID-19.

The COVID-19 pandemic created many challenges for the New Brunswick
construction industry. Beginning in mid-March 2020, New Brunswick Public Health
put in place a tiered recovery plan with various levels of restrictions depending on the
impact of the virus. There are four levels in New Brunswick: green, yellow, orange,
and red. Information regarding the levels and their associated restrictions are found
on the Government of New Brunswick (GNB) website (note that the restrictions for

A. Boyd · L. M. Waugh (B)
University of New Brunswick, Fredericton, NB, Canada
e-mail: waugh@unb.ca

D. C. Bradley
Bradley Engineering Ltd, Fredericton, NB, Canada

© Canadian Society for Civil Engineering 2023
S. Walbridge et al. (eds.), Proceedings of the Canadian Society of Civil Engineering
Annual Conference 2021, Lecture Notes in Civil Engineering 247,
https://doi.org/10.1007/978-981-19-0968-9_22

273

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0968-9_22&domain=pdf
mailto:waugh@unb.ca
https://doi.org/10.1007/978-981-19-0968-9_22


274 A. Boyd et al.

each level have evolved over time). Information from Public Health and the province
is communicated via livestreamed conferences. The red level has the highest restric-
tions and is intended to contain the virus as quickly as possible, while the other levels
have decreasing restrictions until the green phase is reached and herd immunity has
been achieved [3].

The Canadian Construction Association (CCA) also introduced COVID-19 Stan-
dardized Protocols for All Canadian Construction Sites [4]. The protocols include
preventative detection and response measures to be followed on construction sites
across Canada. All personnel on New Brunswick construction sites must follow the
COVID-19 prevention procedures as posted by the CCA and the New Brunswick
Construction Safety Association (NBCSA) during red, orange and yellow levels, as
well as the additional restrictions and regulations put in place by the government.
Procedures include hygiene practices, social distancing measures, health verification
procedures for workers, visitors, and others [5].

Pre-COVID-19 therewas a free flowof tradespeople, subcontractor crews, inspec-
tors, and project management personnel travelling to and from construction sites. To
minimize the spread of COVID-19, projects have been operating underWorkSafeNB
guidelines [6] as well as the above mentioned government regulations and CCA and
NBCSA standardized protocols and procedures. The usual free flow of people from
site-to-site is currently monitored and minimized as provincial levels change and
project personnel work from home whenever possible. Inspection of the work by
government agencies (to assess code/regulatory compliance for plumbing, heating,
ventilation, electrical, etc.) and by consultants (to assess the scope and quality of the
work) is halted due to the potential exposure of inspectors to COVID-19 as well as
the risk that they would spread it to other sites. There are also restrictions in place
during GNB’s red, orange, and yellow restriction levels that do not allow people from
out-of-province within provincial borders, and regulations that require people to self-
isolate for 14 days upon entering or leaving the province. These regulations make it
difficult or impossible for out-of-province project personnel to visit a construction
site when needed.

2 Project Description

2.1 Project and Participants

The Fredericton International Airport has experienced significant passenger and job
growth over the past six years. The original Air Terminal Building was built in the
1960s and its capacity had been expanded to 200,000 passengers annually. In 2018,
the airport saw approximately 423,000 passengers. The current expansion project
will increase capacity to 500,000 passengers per year, has a total cost of $30 million
dollars, and began construction in May 2019 [7]. Bird Construction is the general
contractor for the airport upgrade project and have provided access to the site to
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implement VRDoc over a five month period. Personnel participating in this research
project include representatives of the project owner, the general contractor, and the
electrical subcontractor. Each party gave feedback throughout the project, providing
insight as to the value of using VR Doc during a pandemic, in particular its ability
to reduce site visits thus minimizing the spread of the virus.

Eighteen locationswere established in consultationwith the project participants in
order to best capture construction progress.When viewed on theVRDocwebsite, the
locations form a relatively comprehensive virtual reality walkthrough of the site and
include key areas both inside and outside of the building. The number and choice of
panorama locations are determined in an attempt to emulate a physical walk-through
of the project. Our theory is that there is a limit to the number of virtual panoramas
that a virtual visitor will view, just as there is a limit to how many rooms a person
physically walking through the site will view. An additional guiding principle is that
we want to choose panorama locations that provide a broad or unique perspective,
for example intersections of hallways or a particular type of room (e.g. an office or
a waiting room).

The panorama locations are presented on a site plan of the airport upgrade in
Fig. 1. Note that the areas of the building without panoramas are areas of the airport
that had minimal or no renovation.

Four additional panorama locations were added in the major electrical rooms
midway through the five-month study period to provide the electrical subcontractor
with a better viewof the circuit breakers. A visual viewof the breakers in the electrical
panel is a measure of completed work and therefore be used to monitor progress.

Fig. 1 VR Doc Map with panorama locations
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2.2 Panorama Capture and Processing

Panoramas were captured on a weekly basis on Fridays from June 2020 to November
2020. Fridays were chosen as there were fewer workers on site thus minimizing
COVID-19 risks and potential blur in the images due to personnel and equipment
movement. The previously developed image capture and image processing methods
were followed [8]. The standardized process ensures high quality imagery is captured
efficiently and also enables the use of batch processing tools for further efficiency.

3 VR DOC Interface

The VR Doc interface has previously been described by Bradley et al. [8]. The
following is an overview. The interface serves as a storage, organization, visualization
and delivery tool. The panoramas are stored on a server and allow the client access
without permanently downloading the panoramas. Organization is achieved through
a series of Maps and Dates that allow a user to select a panorama from a specific
Map and Date of interest. The selected panorama is visualized within the web-based
interface and delivered over the internet. Figure 2 presents a view of the airport
upgrade project in the VR Doc interface. The site plan is minimized so the panorama
can be viewed without obstruction. The date selected from the Site Plan Map is
September 11, 2020, as indicated by the dark green boxes, and also the breadcrumb
in the upper right hand corner of the interface. The user can pan 360° as well as zoom
in and out. A key advantage of high-resolution panoramas over still images is the

Fig. 2 Panorama of location 13
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Fig. 3 Panorama location 13 ceiling detail

360° coverage that provides a comprehensive view from each panorama location—
thus avoiding the need for site personnel to select site features of interest and then
brief the photographer prior to each site visit.

Figure 3 panorama highlights the ability to capture and document elements of
construction that are not visible once construction is complete. This panorama
presents a zoomed in view of the electrical components and illustrates the level
of detail captured.

The five-month study period provided a sufficient amount of time for significant
construction progress to be made, thus providing users with access to the state of
construction over longer time periods. It was anticipated that this would be valuable
to those who were not able to visit the site on a regular basis. Figure 4 presents
location 13 on two different dates: August 14, 2020 and October 2, 2020. In this
mode, VR Doc applies all navigation actions to both panoramas to synchronize
panning, zooming, etc.

4 Potential Benefit

A questionnaire was created and distributed to project participants to capture their
feedback regarding use of VR Doc as a tool to minimize the spread of COVID-
19 on site. This included representatives of the project owner, general contractor,
and electrical subcontractor with a combined total of 44 years in the construction
industry. The questionnaire responses have been categorized in the following sections
for clarity and therefore represent our interpretation of the feedback received.



278 A. Boyd et al.

Fig. 4 Panorama location 13 at two different dates

4.1 Changes to Normal Site Procedures Due to COVID-19

Due to COVID-19, usual site operations have been changed due to new regulations
to minimize spread of the virus. Following the protocols and regulations described
in the Introduction, all site personnel must undergo daily temperature checks and
answer a COVID-19 questionnaire every day prior to working on site. For trades,
all workers must maintain physical distancing or have approved measures in place if
physical distancing is not possible. COVID-19 has also limited the number of people
who can come to site. For subcontractors, project management personnel make less
frequent site visits to monitor the progress of their workers. Contractors, consultants
and inspectors from within and outside of New Brunswick have had to delay or
restrict their site visits, depending on the state of the province in terms of COVID-19
restrictions and the current COVID-19 level for the province.

4.2 Uses of VR Doc to Minimize Virus Spread

The representative of the project owner sees VR Doc as a useful tool for progress
updates and as a means of providing visual information to members of the Freder-
icton International Airport Authority Board ofDirectors inmeetingswhen discussing
progress and project issues. VR Doc can be used as a visual aid in these meetings in
place of a group site visit, minimizing the risk of spreading COVID-19. Addition-
ally, the general contractor representative sees similar benefit for office-based project
managers and upper management of the contractor through progress updates via VR



Use of Virtual Reality to Minimize the Spread of Covid-19 … 279

Doc,minimizing the need for site visits. These updatesmay also help trades’manage-
ment personnel complete progress billings and progress updates from a remote loca-
tion. The general contractor’s representative, however, does not see VRDoc reducing
the amount of time on site for those who are actively involved in the project (trades,
subcontractors, general labourers, site managers, etc.) as their work on site cannot
be replaced.

4.3 Other Useful Technologies

Other technologies used by the project representatives to address COVID-19 related
challenges include virtual meeting software such as Zoom [9] and Microsoft Teams
[10]. These both have a share screen option in which project personnel could use
VR Doc as a visual tool in their meetings. Additionally, Procore, a software that
allows all project personnel to share project plans and documents is also used for
the project. Procore does have a feature to share photos and is used to share still
images of general progress or specific project details to work with remotely. VR Doc
provides more regular and consistent updates of site progress in the form of 360°
panoramas.

4.4 Other Benefits of Using VR Doc

Both the general contractor and project owner representatives hypothesized a benefit
of VR Doc being in the post-project phase. Both suggested VR Doc will be useful
while undergoing maintenance and asset management. VRDoc shows factual photo-
graphic as-built conditions, providing information on locations, and the rough instal-
lation date of different systems that are hidden or buried after project completion.
The high-resolution zoom feature in VR Doc, shown in Fig. 3, can also show precise
locations and material types. This would allow future project operations personnel to
find the information required to replace, repair, or refurbish assets without assistance
from former project personnel.

4.5 Impediments to VR Doc Use

Feedback on impediments and potential improvements to VR Doc were also
provided. The project owner’s representative suggested panoramas be captured more
frequently duringbusier project phases.Afixedweekly capture schedule is not always
aligned to best capture critical site activities. Similarly, the electrical subcontractor’s
representative noted that the photographer would have to be on site at a scheduled
time to capture electrical work as it is difficult to gage progress without a visual of
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the detailed work. This feedback suggests that a variable panorama capture schedule
would be useful and would require close contact with site personnel to determine the
capture schedule. A more frequent fixed schedule, such as every other day, could be
considered, although the additional effort and increased time on site and therefore
COVID-19 risk would have to be assessed. Other potential impediments include the
introduction of yet another software interface, justifying costs of using VR Doc, and
potentially missing small details that may be seen from a visit to site.

5 Conclusions and Recommendations

Many project participants, such as inspectors and consulting engineers, are unable
to visit construction sites as often as they would like due to COVID-19 regulations.
These regulations are constantly changing and it can be difficult to predict whether
a site visit can be performed at a particular phase during the project, especially for
out of province personnel and personnel who are within a different recovery level
than that of the site. Feedback from project personnel suggests that virtual reality
tools, such as VR Doc, could be helpful to those who are unable to come to site by
allowing them to perform their tasks remotely. The risk of spreading COVID-19 may
be reduced as a result, thereby having fewer people travelling from site to site and
fewer people on site.

In New Brunswick, COVID-19 case numbers have been relatively low in compar-
ison to other Canadian provinces. Red level restrictions were rarely required during
the study period and were only used in specific regions of the province for short time
periods to quickly halt the spread of the virus. Travel within the province and access
to construction sites could have been much more challenging if case numbers were
higher. It is anticipated that the responses to the questionnaire could have been much
different if the virus had been more prevalent in the province. Implementing VRDoc
on a site with a greater impact from COVID-19 would provide additional insight into
the benefits.

Impediments, in particular cost, need to be evaluated against the potential benefits
of using the system. Benefits should be evaluated at all levels of project participants,
from owner to subcontractor. This type of evaluation would highlight the various
requirements of each group, such as panorama location, frequency and resolution,
and identify new benefits. A system that provides value to all project participants
may justify integration with existing project management software, such as Procore,
further facilitating delivery of and use of the system.
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Systematic Literature Review
on the Combination of Digital
Fabrication, BIM and Off-Site
Manufacturing
in Construction—A Research Road Map

Amirhossein Mehdipoor and Ivanka Iordanova

1 Introduction

According to the scientific literature, 98% of megaprojects in the construction sector
suffer cost overruns of more than 30%. This is due to many reasons, the most impor-
tant of which is issues with productivity [1]. According to their report, construction
productivity has been flat for decades while over the same period, it has doubled
in manufacturing. This finding is also supported by the Mackinsey Global Institute,
which reported that the construction industry has very low average profit margins
compared to other sectors such as manufacturing [2].

Digital fabrication and off-site manufacturing in construction have recently
become a prominent domain as they are seen as a potential response to the prob-
lems experienced by the industry. However, there have been very limited studies in
this domain that link off-site manufacturing in construction to the concept of design
for manufacturing and assembly [3].

The adoption of digital technology would be a way to increase productivity in
construction. However, it is reported that the majority of construction automation
research is related to the actual fabrication phase, and very little research has been
done to develop technology in construction [4]. According to the same authors, in
Canada, hardly any research has been conducted on the application of automation
and robotics in construction.

The development and implementation of automation technology in construction
has been slow due to the unavailability of suitable automation technology as well as
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effective and economical engineering technology for large and mega-scale projects
[5]. These technologies should be considered early, from the planning and design
phases. Their integration within a BIM environment, connected to the IoT for real-
time information, would make it possible to monitor the progress and performance
of a project. This in turn could potentially improve overall productivity.

BIM facilitates a wide range of building activities, such as digital fabrication of
different building components as well as building construction. It has been observed
that BIM is helping to improve the performance of off-site manufacturing (OSM)
projects through its integrated management and cooperative behavior [6]. The appli-
cation of BIM in an OSC project can improve its efficiency. For example, the quality
of the design in an OSC project can be improved by BIM-based generative design.
In addition, efficiency in data sharing can be improved by cloud BIM-based data
exchange [7].

The aim of this literature review is to study the most up-to-date practices
combining digital fabrication, building information modelling (BIM), and off-site
manufacturing in construction (OSM). In the most recent studies, the application of
BIM for OSC has been studied mainly in relation to design, data sharing, robotics
and 3D printing for OSC. However, since this research is the initial phase of a project
to develop a decision support system for BIM and OSM, key articles that discuss the
process of decision making in BIM and OSM have been included.

The objective of this work will be met by answering two research questions:
(a) What are the current research topics and trends regarding digital fabrication,
BIM, and OSM in construction? (b) What are the research gaps, needs, current
activities, and opportunities for future research (research road map)? This literature
review will contribute to the body of knowledge by providing in-depth discussions
on the main trends in off-site construction and current research gaps, and providing
recommendations for near-future directions in off-site manufacturing. It is a part of a
larger research project to identify the key success factors to help improve construction
efficiency through OSM.

2 Methodology

This study is the initial stage of a comprehensive research project related to the devel-
opment of a BIM-enabled decision support system (BeDSS) for digital fabrication in
off-site manufacturing (OSM). In order to define the research focus, current studies
related to BIM and OSM were investigated. The methodological approach of this
study is based on a systematic literature review (SLR), which combines qualitative
and quantitative methods, namely, a quantitative review by bibliometric approach
and a qualitative review.

Bibliometric mapping is an important technique that visualizes the structural
and dynamic aspects of scientific research [8]. Eck and Waltman [8] developed
VOSviewer, a program that displays large bibliometric maps in an efficient way.
This program is able to display a bibliometric map of authors or journals based on
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co-citation data or a map of keywords based on co-occurrence data [8]. VOSviewer
was utilized by Oraee et al. [9] to conduct a bibliometric analysis to research on the
collaborations of BIM-based construction networks [9].

A bibliometric search of digital fabrication, BIM, and OSC was performed in
Scopus, which was chosen as the search engine for this research. By reviewing
previous studies such as [3, 4, 7, 9, 10], the initial keywords were selected and all
associated journal papers published in English between 2010 and 2020 were chosen.

Scopus provides downloadable data that can be imported into VOSviewer to
generate bibliometric maps, such as, a map of the network among publications [3].

Figure 1 shows the literature review analysis diagram on the application of BIM
and digital fabrication in off-site manufacturing.

The diagram in Fig. 1, shows the initial OSM search, which was filtered by
searching a BIM-related set of keywords within the initial search. The dataset will
be used further on, during the discussion of the qualitative method. By searching
BIM within the initial search results, OSM within BIM’s initial result and excluding
any duplication, conference proceeding, book chapter, and editorial letter, the total
number of related enhanced articles filtered to 219.

These articles have been used for a qualitative analysis to achieve the objective
of this research. The systematic approach, including abstract reading and main body
skim-reading to exclude non-related articles, limited the total number of key articles
to 41 journal papers.
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Fig. 1 Literature review analysis diagram
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The articles were categorized into six themes, namely: BIM, OSM/OSC, Prefab-
rication, Digital Fabrication/Construction Automation, Decision Making, and Liter-
ature Review. Table 1 shows the summary of 41 key articles categorized based on
these research themes.

3 Quantitative Analysis

To identify publications related to BIM, a search in Scopus for articles from the year
2010 to 2021 (until December 13, 2020), was conducted. The set of keywords used
in this search was:

TITLE-ABS-KEY “BIM” OR (“Building Information Model”) OR (“Building
Information Modelling”) OR (“VDC”) OR (“Virtual design and construction”).

The results of the above-mentioned initial search were then filtered to search
OSM/OSC and Manufacturing within the BIM cluster. A total of 230 articles
was selected as being the most related publications for further qualitative anal-
ysis. Figure 2 shows key journals related to OSM within BIM and the number of
publications they had combining these two topics during the years 2010–2020.

To identify pioneer researchers in OSM within BIM, a bibliometric analysis was
conducted and the key authors in OSM/OSC related to BIM were identified. The
following Fig. 3 illustrates the result for authors with more than 5 publications in
this domain.

The following keywords were used in a bibliometric search in Scopus, to identify
the related articles published from 2009 to 2020 (up to December 8, 2020). All non-
related subject areas were excluded, and the search was limited to English articles
only. The set of keywords used for the initial search is as follows:

TITLE-ABS-KEY(“Off-Site Construction”) OR (“Off site Construction”) OR
(“Offsite Construction”) OR (“Off-site manufacture”) OR (“Off-site manufac-
turing”) OR (“Offsite manufactu*”) OR (“Off site manufactu*”) OR (“Off-site
manufactu*”).

Datawas exported fromScopus toVOSViewer for bibliometric analysis to identify
related keywords in this domain. Figures 4 and 5 were generated by the software.
Figure 4 shows the country mapping for OSM related articles and Fig. 5 shows
the results for the keywords that occur more than 3 times. Country mapping for
OSM/OSC determines the pioneering countries as well as direct and indirect rela-
tionships in terms of the information flow in this domain. As shown in Fig. 4, the
United Kingdom, Australia, China, Canada, and the United States are productive
with direct and indirect relationships with each other. Table 2 shows countries with
more than 3 publications related to OSM.

Figure 5 maps the OSM keywords and shows that none of the BIM-related
keywords such as Building Information Model, Building Information Modelling,
or VDC appears in the keyword mapping. This is supported by Table 3, which shows
OSM keywords that occur more than three times. Therefore, it can be concluded that
there is a lack of integration between BIM, digital fabrication, andOSM. Each cluster
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Fig. 2 OSM within BIM-related publications per year

Fig. 3 Pioneer authors with a minimum of 5 publications in OSM within BIM

Fig. 4 Country mapping for OSM related articles
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Fig. 5 OSM keywords mapping

Table 2 Countries with more
than 3 publications related to
OSM

Country Numbers of
article

Citations Total link
strength

Australia 29 476 131

United
Kingdom

27 385 90

Canada 16 252 38

China 16 384 82

Hong Kong 11 241 69

United States 11 132 57

South Korea 6 55 9

Singapore 3 71 19

is represented by a different color. However, one specific keyword could appear in
two different clusters due to a different spelling, for instance “offsite construction”
or “off-site construction”.

Table 3 shows occurrences resulting in more than 3 times and total link strength
in the OSM cluster. Off-site construction, prefabrication, and modular construction
have a high link strength and this is also in line with results shown in Fig. 5. The first
four keywords in Table 3 were selected to identify the main papers for the qualitative
analysis that is discussed in the following section.
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Table 3 OSM keyword occurrences, more than 3 times in total

Keyword Occurrences Total link strength

Off-site construction, offsite construction 34 27

Prefabrication 15 21

Off-site manufacturing, off-site production 9 8

Modular construction, modularization 9 9

Project management, construction project management 8 7

Lean production, lean construction 7 11

DFMA 4 6

Optimization 4 7

Mass customization 3 1

Panelized construction 3 2

Risk management 3 4

Robotics 3 4

Simulation 3 4

4 Qualitative Analysis

The qualitative analysis discussed in this study is part of an on-going research project,
which aims to identify critical success factors for the application of BIM and digital
fabrication in OSM. Therefore, it is necessary to investigate and analyze the key
articles in this domain to identify potential success factors. An analysis of keyword
clusters in the domains ofBIMandOSMhelps to identify trends and the current status
of the application of BIM and digital fabrication focusing onOSM. The classification
of the research theme presented in Table 1 shows the direction and focus of each
study based on the extracted keywords as well as initial abstract reading. A keyword
co-occurrence analysis could determine the core research focus in this domain [8].
Figure 5 shows the direct and indirect relationships between keywords. Figure 2 is
in accordance with Table 1, which shows that the integration of BIM and OSM has
become more prominent during the past few years, mostly after the year 2016. In
this section, the prominent research clusters identified by the bibliometric approach
were qualitatively analyzed as discussed in the following subsection. In other words,
quantitative and automatic keyword index clusteringwas combinedwith a qualitative
analysis of the key publications based on all titles, abstract and full paper set.

4.1 Combination of BIM, Digital Fabrication and OSM

Selected key publications identified by the bibliometric approachwere sorted by year
of publication and then categorized into six research themes. All documents related
to at least two of these themes were selected for more in-depth analysis. The main
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focus of the nominated articles was a combination of OSC and modern technologies
such as BIM and digital fabrication in OSM. However, the pioneer scholars use
different terminologies and approaches as we shall discuss below.

Off-site manufacturing is the process of manufacturing a construction project’s
component(s) at a location different from the final point of construction assembly
(PCA). It involves the delivery of components to the PCA for installation at
various stages of the project life cycle [11]. In the literature, different terminologies
describe off-site manufacturing i.e., off-site construction (OSC), modern method of
construction (MMC), off-site production (OSP), and offsite prefabrication.

As stated by Liu et al. [12], OSC integrates the application of modern technology
and advanced machinery in a controlled facility at a location other than the final
place of installation. The combination of manufacturing technologies and advanced
machinery in prefabrication and OSM can increase efficiency [12]. Moreover, the
combination of Design for Manufacturing and Assembly (DFMA) with parametric
design of BIM can optimize design systems to be suitable for prefabricated buildings
[13].

Putting the accent on ‘manufacturing’, the Construction Industry Council defines
off-site manufacturing as “a delivery method that adds substantial value to a
product and process through factory manufacture and assembly intervention” [14].
According to these authors, themain types ofOSMare volumetric, hybrid, panellised,
modular, and components and sub-assembly systems.

According to Agust…-Juan et al. [15], the use of digital fabrication in OSM is a
robotics-based production process using a computer-aided design (CAD) method
[15]. This is further elaborated by Agkathidis [16] who defines digital fabrication
as a methodology of construction that is planned to be designed, manufactured, and
assembled by utilizing digital tools [16]. However, in order to transition from the
traditional way of planning and onsite construction, advanced machinery for manu-
facturing such as computer-numeric-controlled (CNC)machines, need to understand
data generated from drawings and BIM. Therefore, designers need to understand
the process and interoperability between BIM and automated machinery to utilize
digital fabrication in OSM [17]. Moreover, industrial building system (IBS) is a
commonly used term in OSM and digital fabrication, especially in Asia. According
to He et al. [18], it is an innovative and advanced technology that shifts onsite tradi-
tional construction methodology to a controlled and factory-based location off-site,
whereby improving productivity as well as efficiency in terms of production time
(faster assembly), and thus reduced project cost [18].

In automated construction systems, a widely used term is additive manufac-
turing (AM). AM can potentially be applied in the production of large structures
in digital fabrication [19]. It has been used in other sectors, such as automobile
design, aerospace, and medical industries as well. However, as articulated by Ding
et al. [5], in the construction industry, the AM process is only suitable for small and
medium-scale manufacturing parts due to limitations in delivering many kinds of
building materials [5].
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Ding et al. [5] introduced a new procedure for large-scale projects in AM tech-
niques called BIM-based Automated Construction (BIMAC) in automated construc-
tion systems and digital fabrication. BIMAC integrates modern CAD, computer-
aided manufacturing (CAM), Numerical Control (NC) technology, new material
technology, and BIM to increase efficiency in AM for large-scale projects.

Melenbrink et al. [20] argued on a gap between industry and academic research
whereby academic proposals such as the BIMAC system concentrated on addi-
tive manufacturing or discrete assembly while industry efforts concentrated on
automating conventional earthmoving equipment and embracing prefabrication [20].

There have been some efforts to increase automation in the construction sector
but achieving full autonomy for the majority of construction tasks remains a thing
of the distant future. Still, several important steps have been taken towards construc-
tion automation with the recent development of advanced machines designed for
autonomous operation as well as a material-robot systems for specific assembly
tasks [21].

Ham and Lee [22] studied the benefits of digital fabrication for construction
management in terms of project management factors using the Project Management
Body of Knowledge (PMBOK). The study shows that the use of digital fabrication
brings many advantages to the project. Some factors are considered as challenges,
such as cost reduction and control, but this does not mean that the use of digital
fabrication is overall negative [22].

Current literature explores the benefits and capabilities of optimizing construction
efficiency by utilizing BIM and digital fabrication in OSM. Some of the important
attributes noted to improve productivity are “ease of handling and assembly” as
well as reducing the “weight of parts” [23]. This can be supported by automation in
construction and the use of robots for specific assembly tasks. On the other hand,
BIM is capable of assisting the designers in understanding design requirements for
digital fabrication and robot-based assembly systems. Therefore, integration of BIM,
digital fabrication, and OSM is a way towards improving construction efficiency and
it is expected that future study will investigate and develop a comprehensive system
that integrates BIM and digital fabrication in OSM.

5 Conclusion and Future Work

This paper presents how the research on OSM and BIM has developed during the
past decade. The study is crucial for understanding how to utilize BIM and digital
fabrication in OSM and to provide research directions for further development in
this domain. This research performs a systematic literature review, based on publi-
cations in BIM and OSM found in the Scopus database between 2010 and 2020.
This review was limited to journal publications. Through the quantitative method,
the bibliometric analysis approach deployed on BIM and OSM made it possible
to establish the most recent subfields of study, namely, prefabrication, construc-
tion automation, and modular construction. The dataset was then refined and key
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publications related to the integration of BIM and OSM were selected for qualita-
tive analysis. The classification of key articles into the following six main research
themes, BIM, OSM/OSC, prefabrication, digital fabrication/construction automa-
tion, decision making, and literature review shows that there has been insufficient
research on the integration of OSM, BIM, and digital fabrication. Limited studies
have been found linking BIM and digital fabrication for OSM in construction even
though benefits of BIM and digital fabrication in OSM were discussed by pioneer
scholars and many studies during the past decade displayed the capability of BIM
and digital fabrication in assisting the implementation of OSM activities such as
planning, simulating, design evaluation, material processing, and manufacturing,
transportation, and site assembly. Further research is needed to investigate what is
required to integrate BIM, digital fabrication, and OSM. Aspects to be explored are
interoperability and BIM design requirements for digital fabrication and its appli-
cation to OSM, including identifying the uncertainties and differences between the
latest academic research and current industry practices.
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Towards Occupant-Centric Facility
Maintenance Management: Automated
Classification of Occupant Feedback
Using NLP

Mohamed Bin Alhaj, Hexu Liu, and Mohammed Sulaiman

1 Introduction

Buildingmaintenance is an ongoing process throughout the life cycle of the building.
During this stage, various building information such as building layout, specifica-
tion,maintenance history, and failure information is required for facilitymanagement
personnel to make timely repair and maintenance decisions [16]. Awareness of the
facility layout and the equipment details is vital for selecting the appropriate tech-
nology for maintenance. In addition, occupants’ complaints and feedback are crucial
in the corrective maintenance of the building facilities because they inform facility
maintenance (FM) professionals of the failures and facility conditions. However,
effective collection of occupant feedback remains a challenge. For example, the
existing facility maintenance management (FMM) system does not support precise
location sharing, making the fault location identification difficult and the communi-
cation ineffective and inefficient [7, 13]. With indoor location for an occupant and
equipment, FM personnel can reduce their efforts in locating the maintenance work
[15]. As such, location identification is critical in case of, for example, simple work
orders such as changing a light bulb in a complex building or locate the specifica-
tion of complex equipment in front of occupants. The rise of social networks and
their messaging application provide a new yet challenging tool for communication in
current practice. Many governments and private sectors adopt social media on their
website to encourage smooth communication [9]. In the context of FMM, the use of
social networks is a relatively new approach, and many challenges are existing.
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Occupant-centric maintenance is a part of the cognitive FM system; the occu-
pant has a role in each layer of the cognitive FM, specifically in the evaluation
layer where users and FM personal can interact via social networks [27]. In this
context, the widespread use of mobile devices for data collection may allow for more
occupant-centric applications [18].Additionally,mobile social networks (MSN)have
the advantage over the traditional social network, leveraging the features of the
smartphones, such as GPS, Wi-Fi, Bluetooth, and sensors [10]. These technologies
provide a considerable amount of data that FM could not collect via traditional
social networks. With mobile social networks and natural language-like occupant
feedback, the natural language process (NLP) technology will assist in automated
data collection and text classification. Recently, many organizations appliedNLP and
machine learning techniques, especially with the fast spread of social media. NLP
helps retrieve useful information and reduce manual intervention using automated
processes [5]. The objective of this research is to build an NLP-based model for the
classification of textual work orders in Weka.

The remaining of the paper is organized as follows. Section 2 describes the
previous research related to occupant-centric, social network, and NLP applications.
Section 3 explains the method selection, data collection and preprocessing, and data
classification. The outcome of each step of data collection and classification results
is presented in Sect. 4. Finally, the conclusion section highlights the importance of
the results obtained and how it benefits future research.

2 Related Work

2.1 Social Networks

The development in information communication technology (ICT) offers a promising
way for people to interact effectively. One of the growing fields is social networks,
which allow users to share their interests via text, photo, and video and tag their
specific location. Especially, social networks have becomemore accessible via smart-
phones and natural language processing over decades [23]. Soiraya et al. [21] inves-
tigated the use of data mining to detect spam on Facebook applications. However,
the precision of the testing set was 61–63% due to the small training set. Barros et al.
[3] leveraged a social network application with geotagged photo and GPS tracking to
study visitor behavior in a national park. This study is related to park managers and
shows social networks application offers great potentials for a wide range of user-
centric studies. As such, the presented research focuses on mobile social networks
and how to retrieve location-specific occupants’ feedback automatically using NLP.
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2.2 Natural Language Processing

NLP technology is a combination of three sciences: computer science, linguistics,
and mathematics that transfer human language to computer language with useful
information being extracted and analyzed [26]. Text classification is one of many
NLP tasks that use machine learning tools with supervised or unsupervised learning
[12].Weka is a datamining tool that usesmachine learning algorithms for processing,
classification, clustering, and visualization [25]. Umair et al. [24] explored the possi-
bility of machine learning for forensic investigation on Facebook messenger. Their
objective was to classify the user relationship strength on the contact list, the accu-
racy of the algorithms used vary between 69 and 100%. Mo et al. [14] used NLP
for automated staff assignment, the reported result shows an accuracy between 77%
for predicting work order and 88% for predicting priorities. Aldwairi and Alwahedi
[1] utilized Weka to detect fake news in social media networks, the accuracy for the
tested algorithms ranges from 94 to 99%. Bouabdallaoui et al. [5] used NLP and
ML to classify maintenance requests in the FM industry based on historical data
from health care facilities. The result of multiple NLP shows an average accuracy of
78%. From the papers mentioned above, it is clear that NLP is an interdisciplinary
field. The accuracy result acquired ranges between 70 and 100%, which indicates
that each case has a different setup affecting the result. Also, reaching 100% accu-
racy in previous research supports the decision of choosing NLP for automated data
processing.

2.3 Occupant-Centric FM

Occupant-centric FM is a relatively new concept, and it gained attention as the
technology advanced in ICT, IoT, and smart devices. Using IoT and smartphones
boosts the end users’ involvement in occupant-centric experimentation since smart-
phones can provide both sensing abilities and user interaction [17]. Naylor et al. [18]
conducted a review on how the occupant-centric contribute to reducing energy use
by highlighting current issues and emerging technology to enhance the performance
of occupant-centric for building control. O’Brien et al. [19] provided a performance
metric to assess building energy based on occupant-centric perspective using actual
and simulated data samples. The focus of thementioned articlewas onmonitoring and
reducing energy use. Park et al. [20] conducted a critical review on occupant-centric
control, specifically the field implementation. The study highlights the limitation
of field study related to the reluctance of FM to adopt new technology that requires
installing new sensors and systems, which might affect the existing system and cause
malfunction. It is clear that the occupant-centric in FM has not reached amature level
and requires more effort to explore and validate new approaches.
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3 Methodology

Social networks application nowadays has become a big data source that can be
analyzed to gain new knowledge. This research investigates the use of mobile social
network applications for data collection and location sharing in FMM. Specifically,
this research develops a natural language processing (NLP)-based machine learning
algorithm to automatically classify occupant feedback from the social network appli-
cation. The accessibility of social network applications is relatively more straight-
forward than the current reporting system for FMM. It should be noted that a survey
was conducted in authors’ previous research to identify the most popular platform
with other factors [4]. Facebook was the most popular social media platform on
campus. Consequently, we chose to select Facebook messenger for the case study.
The popularity of Facebook was not the only reason for our choice, but it has many
advantages over the other social network platforms. For example, theFacebookdevel-
oper supports many features to build an application that retrieves real-time data from
the messenger platform using the Application programming interface (API) tool.
Figure 1 illustrates the methodology. The first phase is data collection using social
media applications; then, data retrieval and classification in the second phase, where
an API tool and Weka are employed. The third phase is data processing at the FM
center based on the automated classification. Each step in the proposed methodology
is described in detail in the following subsections.

Fig. 1 Occupant-centric and NLP framework for FMM
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3.1 Data Collection and Preprocessing

The first step is data collection, where end-users send a text message via messenger.
The text message includes three main categories, namely: (1) the room number,
(2) the problem description, and (3) share their location. In addition, end-users can
attach a picture of the reporting problem. This method encourages the occupant of
the facility to be more active in reporting a facility-related issue. Figure 2 illustrates
this step.

The second step uses the API tool in the developer page to stream the data from
the facility messenger platform. The API tool is designed to retrieve or send data to
the connected page. To retrieve the data from the messenger, a Facebook business
page is required to stream real-time data from the page or messenger platform. Then,
a developer account needs to be created and connected with the business page. After
that, a new application and webhook are created to get an access token for a secure
connection to manage and retrieve data using the API tool. More detailed steps and
descriptions can be accessed in this link https://developers.facebook.com/docs/mes
senger-platform/getting-started/app-setup. The data can be streamed to the API page
and the cURL, and the code can be accessed in many formats, as shown in Fig. 3.

Fig. 2 A screenshot of end-user reporting issues via messenger

Fig. 3 The inquiry of API in code format

https://developers.facebook.com/docs/messenger-platform/getting-started/app-setup
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Table 1 Sample of deleted data

Trade Reported issue/comments/scheduled maintenance

Electrician Repair lights in the corridor

Environ. control EF-5 status does not match the command

Environ. control PM (60 days)—inspect freeze stats for operability

Millwright/Maint. mech PM (5 days)—weekly all mechanical equipment in CoEAS and paper
pilot

Millwright/Maint. mech RO water is in alarm

Plumber Water leak

Refrigeration repair Replace boiler

Millwright/Maint. mech Please repair the pressure regulator. Thank you

Pipefitter Receivers are leaking in this area. Please inspect and fix. Thanks

Skilled trades helper Please check the penthouse for leaks from coils

Machine learning algorithms need to be trained and tested to evaluate the perfor-
mance of the choosing algorithm. At this stage, the data collected manually from
the facility management website and stored in an excel file for preprocessing and
cleaning. The cleaning process includes deleting duplicate orders, FM comments,
scheduled maintenance, and unassigned work orders. Table 1 contains a sample of
the unnecessary data that has been filtered. Also, we edited the signs that consider
part of the programing for Weka, such as (‘,”), and replace them with the appropriate
meaning, whether it is inch, feet, or quotation sign. Table 2 shows samples of the
data after the filtering and cleaning process.

3.2 Data Classification

Classification is a known approach for supervised learning to set of data has labels,
or part of the data has labels. The classification process began with training the
algorithms with a set of data that has the class for each element. Then the algo-
rithm builds a model to automatically classify a new group of data [2]. Each request
submitted to the FMwebsite needs to be assigned to a trade. Trade herein is the main-
tenance team responsible for specific trades such as electrician, plumber, carpenter,
and the like. To train machine learning for request classification, Waikato Environ-
ment for Knowledge Analysis (Weka) is utilized. Weka is a data mining tool that
uses machine learning for classification [8]. The data was divided into 355 training
sets and 65 testing sets. The most applied and suitable algorithms for classifying
social networks data, such as logistic [4], support vector machine, Naïve base, and
the random forest, has been tested [11].
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Table 2 Sample of the data after filtering

Trade Action requested

Electrician There are two lights out in this office B-265. This office is inside of room
B-237. One is a ballast issue. Please insp. and fix ASAP since I believe these
are the only two lights in the office. Thanks

Appliance repair Floyd hall, F-205 mens bathroom paper towel holder, when you pull the
paper towel it gets stuck and wont come down it goes back up inside. Per
Custodian Calvin Jones

Plumber Floyd hall, 1st floor—west drinking fountain across from student study area
C-126 is plugged, water is going down very slowly. Per Custodian P. Thomas
category: plumbing and bath item: other/miscellaneous problem: other

Electrician We just had someone in and replace the ballast on a set of lights and now it is
out again. Category: electrical and lighting item: interior lighting problem:
light bulb is out

Plumber Water is leaking/dripping into the main entrance area from the entrance roof.
I believe that the roof drain is clogged with leaves which allows the water to
go over the seal and leak into the lobby. It is currently about a 5 ft by 5 ft
puddle to the left as you enter the building, still dripping in with rain
expected all week. Please clean up water and inspect roof drain. Thank you
category: other item: other/miscellaneous problem: other

Carpenter Parkview Cafe exterior door–the weather stripping ripped off the door
completely. Please install new stripping. Category: doors and locks item:
exterior door problem: other problem

Carpenter Sent to shop 6 Parkview Cafe exterior door–the weather stripping ripped off
the door completely. Please install new stripping. Category: doors and locks
item: exterior door problem: other problem

Plumber DI Faucet broken will not close category: plumbing and bath item: faucet
problem: other problem

Electrician Lights out on the exterior of pilot plant—one above the Parkview room and
7–8 along the parking lot berm_notes: *Attachment* category: electrical and
lighting item: exterior lighting problem: light bulb is out

4 Result

In this section, we discuss the result of the API tool and the classification using
Weka. The API tools allow us to inquire about specific information sent or posted on
the Facebook page or sent using messenger. In order to acquire the messages from
the Facebook messenger platform, permission needs to be granted from Facebook to
access users’ messages. This step is called an App review and takes up to five days
to be approved or denied the right to access messages. However, general information
such as users name, photo, about, location, and the information the usersmake visible
to the public can be retrieved without special permission, as shown in Fig. 4. Access
token and permission is to enhance security and to protect user’s privacy, which is a
critical issue for users and organizations. The API tools provide access to the code in
different formats from (Get Code) so the developer can carry out more data analysis.
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Fig. 4 API tool simple inquiry

To extract useful information, Weka has been used to train and test historical data
from the FMMwebsite. A supervised machine learning technique is utilized to eval-
uate the performance of the chosen algorithms. Weka provides statistical measures
such as accuracy, Kappa, and F-measure to evaluate the model performance. Kappa
is a performance metric measuring the accuracy of the predicted classes where 1
indicates a completely accurate result. Table 3 shows that random forest, Logistic,
and SVM algorithms achieved a 100% accuracy for the tested data set. In contrast,
naïve base and J48 score (87.69% and 49.23%) accuracy and kappa (0 and 0.80) of
the tested data set. Figure 5 shows the confusion matrix for training and testing data
sets for Random forest algorithms. Each column shows the predicted label (Trade) in
the confusion matrix, and the raw shows the actual label. The diagonal line indicates
the correctly classified instances where the expected label matched the actual label
[6].

Table 3 Accuracy, Kappa,
and F-measure for the tested
algorithms

Algorithm Accuracy (%) Kapa F-measure

Random forest 100 1 1

J48 49.23 0 0.66

Naïve base 87.69 0.80 0.88

Logistic 100 1 1

SVM 100 1 1



Towards Occupant-Centric Facility Maintenance Management … 305

Fig. 5 Confusion matrix for random forest training (left), testing (right)

5 Conclusion

The current FM practice relies on the occupant complain and feedback in the correc-
tive maintenance. This makes the location for the occupant important to locate and
identify the failure location. This paper explores the use of mobile social networks
for FMM to retrieve real-time information using a messenger platform and machine
learning. The result shows 100% accuracy for three of the algorithms that have
been tested, namely, random forest, Logistic, and SVM. The performance of these
algorithms encourages conducting more research and experiments on NLP. Weka
also provides statistical measures to evaluate the model performance, such as Kapa
and F-measure, to validate the classification results further. As illustrated above, the
data can be streamed using the API tools to retrieve real-time information from the
messenger. However, due to the limitation applied on the Facebook developer for
individual verification, the case study could not be carried out for the full sequences
even though the technical process is feasible in normal circumstances. Future work
will focus on developing a stand-alone social network application dedicated to FMM
supporting location-specific occupant feedback.
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Auto-positioning of UWB RTLS
for Construction Site Applications

T. Jin, F. Sadeghpour, and G. Jergeas

1 Introduction

TOF-based UWB has been concluded with higher practicality on construction site
application compared with the most commonly investigated TDOA/AOA-based
UWB RTLS [1]. Unlike TDOA/AOA-based UWB, the TOF-based UWB does not
require any time cables for time synchronization, which could avoid triggering extra
clutter and tripping hazard and restricting the installation location of anchors [2–4].
Moreover, no reference tag is required in TOF-based UWB. For many TDOA/AOA-
basedUWButilizing reference tag, a clear Line-Of-Site (LOS) between the reference
tag and the anchors has to bemaintained during the entire location estimation process
for accurate calibration [5–9]. From the perspective of economical widespread appli-
cation, the cost of the TOF-based UWB RTLS is decreased by approximately 95%
of the TDOA-based systems [7, 10, 11].

Except for the above advantages on practical construction site applications, the
auto-positioning, in particular, as a unique feature ofTOF-basedUWBRTLS, enables
the system to automatically compute the relative locations of anchors and elimi-
nate the necessity of precise measurements at the setup stage. For UWB RTLS, the
anchor locations need to be predetermined to set up the relative coordinate for the
tracking system. Survey tools such as Total Station are typically utilized to determine
the locations of the anchors. Due to the dynamic nature of construction sites, it is
inevitable to frequently move the anchors during the dynamic construction phases
[12]. Nevertheless, it is not practical to keep repeating the similar survey process
throughout the construction process. The auto-positioning of the UWB RTLS can
automatically determine the relative locations of all anchors. This greatly simplifies
the process of applying UWB RTLS in frequently updated construction sites. The
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TOF-based UWB RTLS enables the auto-positioning on account of the two-way
ranging performed between anchors. Other location estimation methods, including
AOA (Angle of Arrival) and TDOA (Time Difference of Arrival), have no capability
to perform auto-positioning.

The objective of this study is to assess the location estimation accuracy of tags
under auto-positioningmode and compare it with the scenario when auto-positioning
is not utilized. By demonstrating the mechanism of auto-positioning, the source of
the induced inaccuracy is illustrated. In addition to that, the potentials of enhancing
accuracy under auto-positioning are also presented.

2 Literature Review: Requirements and the Importance
of Accuracy on UWB RTLS for Construction Site
Applications

2.1 Requirements on UWB RTLS for Construction Site
Applications

UWB RTLS were confirmed with great potentials for construction site applications
by studies in the past decade [3, 5, 6, 13–16]. Studies also concluded the practicality
requirements on UWB RTLS for construction site applications: accuracy, power
source, robustness (NLOS), scalability (size and weight of the device), frequency
band, storage, and cost [2, 3, 10, 17].

However, another aspect of the practicality of theUWBRTLShas to be considered
for construction site application: the simplicity of its utilization. The construction
sites have dynamic characteristics both spatially and timely in nature [15, 18–21].
Andayesh and Sadeghpour [18] conducted a comparative analysis regarding the
static, dynamic, and phased models for site layout [18]. Except for the reflection
on the changes on different locations spatially, the changes versus the time dimen-
sion are stressed across different construction phases. An accuracy assessment of a
TDOA-based UWB RTLS was conducted by Shahi et al. [22] to illustrate the influ-
ence across an increasingly more congested piping project [22]. As the environment
becomes more congested, the anchors have to be reconfigured almost along a line
in their study. The frequent changes on the construction environment will frequently
change the deployment locations of the anchors due to spatial restrictions.

In addition to the spatial restrictions from the changes of the construction environ-
ment, the LineOf Sight (LOS) between the anchors and tags is another consideration.
None Line Of Sight (NLOS) has been confirmed as one of the predominant factors
that deteriorates the location estimation accuracy of UWB RTLS [15, 22–25]. Shahi
et al. [22] also demonstrated that the environment will have no influence on the
location estimation accuracy as long as the direct LOS between anchors and tags
are maintained [22]. Hence to achieve the high-accuracy location estimations, the
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anchors will need to be frequently moved across different construction phases to
avoid too much unnecessary NLOS.

As aforementioned in the introduction section, the UWB RTLS requires the loca-
tion of anchors to be predetermined to set up the relative coordinate. The repetitive
utilization of survey tools such as Total Station will be inconvenient and unrealistic
for practical application. Hence this study will investigate and propose a novel auto-
positioning methodology which could automatically compute the locations of the
anchors.

2.2 The Importance of Accuracy on UWB RTLS
for Construction Site Applications

Accuracy, as the most important RTLS performance evaluation factor, has signifi-
cant influence on its applications. For resources tracking and productivitymonitoring,
a number of studies demonstrated the significance of accuracy of the TDOA UWB
RTLS and assessed the accuracy performance in different construction environments
[5, 15, 22, 23]. For labor and equipment safety, proactive alarm systems are developed
and assessed in a number of studies [6, 13]. However, false alarms due to inaccuracy
of the system and delay of the signal transmission show challenges for the applica-
tion of UWBRTLS [6]. These alarm systems rely on virtual fencing (VF) boundaries
to define the dangerous scenarios [6]. Low accuracy UWB RTLS will increase the
diameter of VF boundaries and trigger frequent false alarms. For robotics and navi-
gation in construction sites, a number of studies utilized UWB RTLS as sensors
due to its high stability and reliability in indoor environment. In these studies, the
navigation errors were highly dependent on the accuracies of the UWB RTLS.

Due to the importance of accuracy, this study will assess the accuracy when
the locations of anchors are determined by accurate surveying and auto-positioning
respectively. By comparing the difference of accuracy performance, the inaccuracy
trigger by auto-positioning will be demonstrated.

3 Methodology

3.1 Auto-positioning of Anchors

3.1.1 The Mechanism of Auto-positioning

The mechanism of TOF ranging measurement has been demonstrated in the authors’
previous CSCE paper [1]. The auto-positioning conducts the same ranging measure-
ment between anchors instead of tags. However, the auto-positioning network is
much more complicated compared with the scenario when tracking a tag. For the
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scenario where four anchors are used to measure the tag, all the four anchor loca-
tions are known and just a tag will be needed to be computed. Different from that,
when auto-positioning is conducted, all the computed anchor locations are strongly
correlated. The deviated estimations on one anchor will accumulatively impact all
other computed anchor locations.

The auto-positioning first set up one of the anchors as an initiator (origin (0, 0, 0))
and start the ranging measurement between the first three anchors, namely Anchor
1 (initiator), Anchor 2, and Anchor 3. In this process, all three anchors are required
to be configured at the same hieght, which means for all anchors, the value on Z
axis is 0. Moreover, Anchor 2 is defined to be on the same Y axis with the initiator,
which means the value on the Y axis is 0. Under this circumstance, the number
of unknowns are reduced to three (3), which are the x value of Anchor 2, and the
(x, y) value of Anchor 3. Three anchors can comprise three ranging measurements,
which is equivalent to three equations for an equation systems. Hence the system is
a determined system to solve the unknown locations for the anchors (Fig. 1).

With the locations of the first three anchors determined, the other anchor (Anchor
4) is treated as a tag for trilateration (demonstrated in Fig. 2). This means that the first
three anchors are utilized to measure the location of the fourth anchor. Under this
scenario, the fourth anchor does not have to be on the same height (Z axis) with the
first three (3) anchor because there are three ranges to compute the three unknowns
(x, y, z) of the fourth anchor.

Fig. 1 Mechanism of
auto-positioning

Fig. 2 Mechanism of
auto-positioning
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Fig. 3 Schematic diagram
of auto-positioning

3.1.2 The Configuration of Auto-positioning

The two-way communication can not only be performed between a tag and an anchor,
but two anchors. By computing the ranges, the anchors could automatically determine
the location of each other through a virtual network. This provides a unique advantage
in simplifying the installation and reinstallation of RTLS.While for systems utilizing
other location estimation methods, typically survey tools such as total station is
required to identify the exact anchor locations.

Auto-positioning utilizes an inherit android-based application provided by the
manufacturer of the TOF-based UWB RTLS. The schematic diagram of the auto-
positioning feature is demonstrated in Fig. 3. As illustrated in the figure, the
mobile device communicates with the anchors by Bluetooth and the anchors
measure their mutual ranges (distances) through UWB signal. To successfully apply
auto-positioning, a number of procedures will be required:

1. Turn on the Bluetooth of the mobile device with the android-based system.
2. Choose the initiator among one of the anchors and select the initiator in the

android application.
3. Based on the geometrical configuration of the anchors, sequence the IDs of the

anchors in a clockwise order in the android application.
4. Start the auto-positioning of the anchors and save the computed locations for

furtherly tracking the tags.

3.2 Accuracy Measurement

Precision and offset are two (2) commonly used measures to define accuracy. Preci-
sion represents the fluctuations of the sample with regard to the sample mean value.
Offset illustrates the distance between the sample mean value to the actual data point.
Neither of them provides a complete perspective on accuracy. A small precision
sample can have a large offset and vice versa.



314 T. Jin et al.

This study utilized two other measures that are also commonly used for accuracy
assessment: Distance RootMean Squared (DRMS) andMean Radial Spherical Error
(MRSE). DRMS (Eq. 1) andMRSE (Eq. 2) combine precision and offset and provide
a single value to represent accuracy for two-dimensional and three-dimensional
accuracy measurements:

DRMS =
√
√
√
√

n
∑

i=1

(xi − xActual)
2/n +

n
∑

i=1

(yi − yActual)
2/n (1)

MRSE =
√
√
√
√

n
∑

i=1

(xi − xActual)
2/n +

n
∑

i=1

(yi − yActual)
2/n +

n
∑

i=1

(zi − zActual)
2/n

(2)

where xi , yi , zi represent the ith estimated location of the tag, xActual , yActual , zActual
represent the actual location of the tag, and n is the number of location estimations
for each tag.

4 Experiment and Analysis

The experiments are conducted in the controlled lab environment to avoid unneces-
saryNon-Line-Of-Sight (NLOS) impact on the location estimation accuracy. Figure 4
demonstrates the environment of the experiments carried out in this study. Four (4)
anchors are configured at the corners of the Room 334. In this study, the room is
surveyed with a high precision total station (±1 mm level) to show the actual loca-
tions for tags and anchors. Since there is an unmovable metal desk at one of the
corners, there are 29 tag locations and four (4) anchor locations surveyed in this
room (as shown in Fig. 4).

4.1 Benchmark

Theobject of this experiment is to provide a benchmarkof the accuracywhen the auto-
positioning is not utilized. Since the tag location estimation process itself has inac-
curacies, it needs to be computed and excluded. By comparing the benchmark exper-
iment and auto-positioning results, the droppage of accuracy due to auto-positioning
could be illustrated.

Figure 5 describes the DRMS,MRSE accuracy distributions. As it can be inferred
from the figure, this UWB RTLS demonstrates high accuracy for the location esti-
mation of the tags when applying surveying for the location of anchors. Table 1
summarizes the statistical results of the benchmark experiment. As it can be inferred
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Fig. 4 Experiment environment

Fig. 5 Error distribution a DRMS, b MRSE
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Table 1 Summary of DRMS, MRSE accuracy

μ (m) σ (m) Min (m) Max (m)

DRMS 0.079 0.047 0.038 0.218

MRSE 0.134 0.086 0.051 0.348

from the table, the average DRMS and MRSE are 7.9 cm (±4.7 cm (σ), 2D) and
13.4 cm (±8.6 cm (σ), 3D), respectively.

4.2 Auto-positioning Accuracy Assessment

Four (4) anchors A1, A2, A3 and A4 are set up at the same anchor locations as the
benchmark experiment. As previously mentioned in Sect. 3.1, one of the anchors
serves as an initiator (origin of the auto-positioning coordinate) whose coordi-
nate location is considered as (0, 0, 0). To be in accordance with the benchmark
experiment, A1 at anchor location Li is selected as the initiator.

Figure 6 describe theDRMSandMRSE error distribution.As can be inferred from
the figure, DRMS varies from 7 to 85 cmwhileMRSE varies from 15 to 96 cm. Table
2 presents a comparison between the Benchmark Experiment and Test 1. As can be
inferred from the table, the average DRMS and MRSE are increased by 29.1 cm and
36.7 cm respectively when auto-positioning is used.

Fig. 6 Auto-positioning experiment
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Table 2 Comparison between Benchmark (TS) and auto-positioning

μ (m) σ (m) Min (m) Max (m)

DRMS (TS) 0.079 0.047 0.038 0.218

MRSE (TS) 0.134 0.086 0.051 0.348

DRMS (Auto-P) 0.370 0.207 0.073 0.852

MRSE (Auto-P) 0.501 0.237 0.151 0.964

Difference of DRMS 0.291 0.160 0.035 0.634

Difference of MRSE 0.367 0.151 0.100 0.616

Table 3 Positioning errors
for the location of anchors
with auto-positioning

Anchor X (m) Y (m)

A1 0.000 0.000

A2 0.258 0.000

A3 −0.153 0.036

A4 0.256 −1.089

In the worst scenario, the location estimation accuracy is within 1 m for both two-
dimensional and three-dimensional conditions. This indicates directly utilizing auto-
positioning could simplify the application procedure for scenarios where meter-level
accuracy is sufficient.

The source of the inaccuracy location estimation of tags under auto-positioning
mode originates from the inaccuracy of anchor locations. Hence, the auto-positioning
accuracy for the anchors is presented in Table 3. As it can be inferred from the
table, the error can be up to approximately 1 m. Therefore, it can be concluded that
the meter-level inaccuracy on the location estimation of the tags originates from
the meter-level inaccuracy of anchor locations. Therefore, to increase the location
estimation accuracy for the tags, the major task for future studies is to enhance the
auto-positioning accuracy for the anchors.

5 Conclusion

As a unique feature for TOF-basedUWBRTLS, the functionality of auto-positioning
was confirmed in this study. Through the auto-positioning of anchors, the application
of UWBRTLS has the potential to be significantly simplified by eliminating the need
of repeating surveying the locations of anchors. The application of auto-positioning
induced an increasement of inaccuracies (7–85 cmDRMS (2D) and 15–95 cmMRSE
(3D)). In the worst-case scenario, the location estimation accuracy is within 1 m for
both 2D and 3D conditions. This suggests that directly utilizing auto-positioning
could simplify the application procedure for scenarios where meter-level accuracy is
sufficient. This study proposed the potentials of auto-positioning on simplifying the
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configuration of theUWBRTLSon construction project. Even if the auto-positioning
induces errors for location estimations, it provides a direction on how to simplify
the application of UWB. In addition, this study also enables a reference for future
studies to improve the location estimation accuracy under dynamic mode.
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Automated Ergonomics-Based
Productivity Analysis for Intelligent
Manufacturing in Industrialized
Construction

Jingwen Wang, Yomna Mohamed, SangHyeok Han, Xinming Li,
and Mohamed Al-Hussein

1 Introduction

During the last decade, industrialized construction, which includes methods such as
modular construction and panelized construction, has become increasingly popular
around the world. These recent innovations to the traditional construction approach
have provided benefits in terms of improved productivity, a controlled working envi-
ronment, reduced waste, and a reduced physical workload in a more ergonomically
friendly context [10]. In current practice, many industrial construction enterprises
are implementing intelligent manufacturing in the form of automated construction
machinery and other advanced technologies, such as the use of a vision-based system
to complete automatic inspections for safety and product quality [7]. The cycle times
of production in a machine environment can be easily extracted and controlled.
However, the cycle times of manual operations are usually collected through obser-
vation using a time study, which is time-consuming, inconsistent, and error-prone,
given the complex working environment [2].

Considering the aforementioned limitations and the goal of achieving a stable
working environment, the automation of both the ergonomic risk assessment and
productivity analysis of manual operations is in high demand in the context of
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intelligent manufacturing in industrialized construction. Even in an industrialized
construction context, workers perform repetitive tasks, and there aremany physically
demanding tasks that cannot be fully replaced bymachines and robotic arms.Workers
are thus exposed to the risk of developing work-related musculoskeletal disorders
(WMSDs). These repetitivemanual activities require accurate ergonomic risk assess-
ment and motion time analysis to ensure ergonomic safety and reliable planning and
scheduling.With the support of 3Dmodelling technology, automating the ergonomic
risk assessments of manual operations in the context of industrialized construction
has proven to be a successful strategy [5, 6, 18]when combinedwith rapid entire body
assessment (REBA) [4] and rapid upper limb assessment (RULA) [9]. The accuracy
of the 3D modelling-based method has been improved by integrating it with fuzzy
logic to address human perception issues in the postural data collection process [17,
18]. However, some user inputs, such as degree of repetitiveness, are still required
in the current method, and this may affect the assessment results. Moreover, the
reliability of the estimation of cycle times of manual operations is subject to various
productivity-influencing factors (i.e., external, management, human, and technical
factors) that change with the increasing complexity of the work environment and the
difficulties involved in acquiringmeasurements [3]. Thus, an accurate and automated
method of estimating cycle times is essential for computing the degree of repetitive-
ness of the manual operations in order to achieve full automation of ergonomic risk
assessments and to improve the accuracy of the assessment results. Accurate estima-
tion of the cycle times of operations in industrialized construction can also be used
to evaluate productivity.

2 Literature Review

The purpose of this section is to provide an overall understanding of the previous
research in this area as well as to provide a rationale for the choice of the cycle
time estimation method used in the present research. We begin with a definition of
productivity, followed by a review of previous productivity analysis methods, and
finally a review of automatic motion analysis methods for productivity analysis.

2.1 Definition of Productivity

Productivity can be defined in many ways. In construction manufacturing, produc-
tivity usually refers to labour productivity, which is calculated by quantifying the
units of work produced per man-hour [12]. The measurement of labour produc-
tivity, though, differs depending on the economic model, project-specific model,
or activity-oriented model applied [14]. In a construction manufacturing facility,
activity-oriented models are typically employed to measure labour productivity.
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Labour productivity is determined by the workhours incurred, which in turn is a
function of the cycle time of manual operations required to finish the unit of work.

2.2 Previous Productivity Analysis Methods

Various techniques, including activity sampling, foreman delay surveys, time study,
motion analysis, and group timing [12], are used to measure productivity. The accu-
racy of the productivity measurement, though, is governed by the reliability of the
time data collected. Furthermore, these traditional techniques rely on personal judg-
ment, which involves the estimator’s perception of the time required for the manual
task. Although these methods lead to highly subjective and unreliable results, the
time study technique in particular is still commonly used in construction manufac-
turing facilities due to its simplicity and effectiveness. However, it is time-consuming
and error-prone when employed in a complex working environment.

The motion analysis technique is also commonly used for collecting motion times
during manual operations. Predetermined motion time systems (PMTSs) provide
standard cycle times for physical operations by characterizing the working method
and procedure. PMTSs are widely used in various industries for setting production
standards (together with time studies, work sampling, and standard data). PMTSs
are based on an engineered work measurement, which is essential for cost estima-
tion, work planning and scheduling, and decision making [2]. They are capable of
providing process times in the planning phase, and of facilitating the design of work
systems in a targeted manner.

The commonly used PMTSs in current practice include methods-time measure-
ment (MTM) [8], the Maynard operation sequence technique (MOST) [19], and the
modular arrangement of predetermined time standards (MODAPTS) technique [13].
These methods can be distinguished with respect to the level of precision, the scope
of data application, the classification of motion, and the unit of time used [2]. The
majority of PMTSs, though, do not sufficiently address the impacts of time standards,
including various task variables, worker variables, and environmental variables [2].
In addition to these deficiencies, PMTSs are time-consuming and difficult to apply,
necessitating specialized training [2].

2.3 Automatic Motion Time Analysis Method for Productivity
Analysis

PMTSs have been employed in various manufacturing contexts to predict assembly
task cycle times. The use of PMTSs has brought considerable benefits in the field of
automobile manufacturing [11, 15]. Despite the wide and successful application of
PMTSs in other industries, though, these methods have seldom been utilized in the
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construction manufacturing industry due to the dynamic nature of the construction
production facility.

The time and motion analysis originated in industrial engineering, where produc-
tion occurs in a steady-state environment [14]. An industrialized construction setting
in which intelligent manufacturing methods are employed offers a stable working
environment and, hence, the opportunity to apply PMTSs when conducting produc-
tivity analyses. In construction manufacturing, MODAPTS has been successfully
integrated with discrete-event simulation modelling yielding reliable estimates of
manual task durations [3]. However, this integrated method is not fully automated
and requires specialized knowledge of simulation modelling.

The present research proposes an automatic productivity measurement method
that leverages 3D modelling. The method provides accurate and objective produc-
tivity measurement of manual operations in construction, in contrast to traditional
on-site methods, which are unreliable and contingent upon personal judgment. The
proposed method can also be used to evaluate the degree of motion repetitiveness
in tasks in order to improve the accuracy and level of automation of ergonomic risk
assessments using 3D modelling.

3 Methodology

The aim of the proposed PMTS-based motion time analysis system, summarized in
Fig. 1, is to measure productivity accurately and automatically using 3D modelling.
The method begins with the 3D modelling of manual operations. Both object data
and biped data are collected and formatted based on a 3D biped model. The motions

Fig. 1 Overview of
automated ergonomics-based
productivity analysis method
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are then categorized based on all the biped and object coordinates’ movements in
the animation. The required motion time is computed according to the criteria in
the selected PMTS method (in this case, MTM-1). Then, labour productivity is
calculated according to the definition commonly used in construction (i.e., output
as a ratio of work hours inputted). Also, the degree of repetitiveness of the motions
involved in the tasks under study is assessed for the purpose of identifying candidate
motions for automated ergonomic risk assessment (i.e., REBA and RULA). Finally,
information pertaining to labour productivity and the corresponding ergonomic risk
of the animated task is outputted for further analysis.

3.1 Automatic Motion Time Analysis

The automatic motion time analysis proposed here is based on PMTS methods. As
mentioned above, the PMTS method selected in the present research is the MTM-1
method, which is a quantitative analysis method encompassing all the basic human
body motions. The MTM-1 system has its own base measuring unit, called the time
measurement unit (TMU), which is equal to 0.036 s. The input requirements of the
MTM-1 system are motion types, influencing factors, and motion cases. Table 1
summarizes the pertinent information for hand motion in the MTM-1 system [1, 8].
It should be noted that the required inputs are still determined based on the user’s
experience and knowledge of the given movement. In consideration of this, to avoid
subjective inputs we develop a motion categorization process based on the rules for
basic motions in the MTM-1 system.

In the 3Dmodel, the biped data and object data are extracted and saved separately
in the MAXScript programming environment. Python programming language, with
its extensive support libraries, is used to effectively process, organize, and compute
the data. Rule-based motion categorization is applied using the logical operators,
AND, OR, and NOT, to automatically identify the given motion at each time frame.
In the present research, it should be noted, “Carry” is a status that refers to the biped

Table 1 Summary of five basic hand motions as represented in MTM-1 system

Motion Symbol Description Factor Time TMU

Reach R Movement of the hand or
fingers

Motion length, motion case 1.6–26.7

Move M Relocating an object Motion length, motion case,
object weight

1.7–62.05

Grasp G Grasping an object Motion case 0–12.9

Position P Align, orient, or engage an
object to another

Class of fit, symmetry case,
ease of handling

5.6–53.4

Release RL Surrendering control of an
object

Motion case 0–2.0
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Table 2 Categorization of
five basic hand motions

Motion OR AND NOT

Reach Upper arm (L/R)
Forearm (L/R)
Hand (L/R)
Finger (L/R)

– –

Move Upper arm (L/R)
Forearm (L/R)
Hand (L/R)
Finger (L/R)

Carry –

Position Hand (L/R)
Finger (L/R)

Carry –

Grasp – Carry Carry–

Release – Carry– Carry

Note “L” and “R” refer to the left and right sides of the bipedmodel

carrying an object in the current time frame. “Carry–”, on the other hand, means that
the bipedwas carrying the object in the previous time frame. Table 2 shows themotion
identification parameters in the rule-based motion categorization process. Once the
motion sequence has been identified, the required motion times are calculated based
on the motion–time tables and influencing factors in the MTM-1 system.

3.2 Productivity Analysis

The overall productivity analysis encompasses labour productivity and machine
productivity. Given that the present research focuses on manual operations, only
labour productivity is computed for the purpose of evaluation. The most common
and widely accepted definition of labour productivity in construction is expressed
in Eq. 1 [14]. The input requirements for labour productivity computation are the
assembly workload (i.e., output) and the corresponding required times. Both the
assembly workload and the required times needed to complete the workload can be
determined using the automatic motion time analysis. Since standard motion times
are used, labour productivity is considered the benchmark that can be used for precise
analysis such as simulation, workplace design, and production planning.

Labor productivi t y = Output

Workhours
(1)
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3.3 Ergonomic Risk Assessment

In industrialized construction, manual operations may be less physically taxing than
in conventional construction, but they are also highly repetitive due to the controlled
and standardized nature of factory-based production. Workers are exposed to a high
risk of developing WMSDs because they perform tasks involving awkward body
postures, forceful exertion, and repetitive motions [16].

REBA and RULA are the two main ergonomic risk assessment tools in construc-
tion manufacturing. The primary input requirements of both REBA and RULA are
human body postures with joint angles. Muscle use and activity scores are used to
evaluate motion repetitiveness in RULA and REBA, respectively. It should be noted
that these scores are subjectively adjusted by the analyst based on their knowledge
and experience.

In the 3D model, a total of 41 joint angle data points are extracted as the input
requirements for the REBA and RULA ergonomic risk computation using the previ-
ously developed post-3D ErgoSystem [5]. Although the degree of motion repetitive-
ness is set up as a user input in the ErgoSystem interface, with the support of the
automatic motion time analysis the repetitiveness parameter can be extracted from
the 3D model automatically. This innovation of the present research both improves
the accuracy of 3D modelling-based ergonomic risk assessment methods and marks
an important step toward full automation of ergonomic risk assessment.

4 Experiment

4.1 Experimental Setup

An experiment involving a repetitive reaching motion performed using an optical
marker-based motion capture system is conducted as shown in Fig. 2. In the experi-
ment, conducted at the Surgical Simulation Research Lab at the University of Alberta

Fig. 2 Sample frames of
reach motion performed in
experiment
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Fig. 3 Marker placement
for experiment

in Edmonton, Canada, an OptiTrack motion capture system with six high-speed
cameras is used to capture the kinematics of the body segments with reflective
markers attached to the skin at specific body joints. Three male subjects without any
injuries are recruited to participate in the experiment, the subjects having heights of
165 cm, 175 cm, and 178 cm, respectively, ages of 23, 23, and 26 years old, respec-
tively, and weights of 68 kg, 75 kg, and 70 kg, respectively. The object to be reached
in the experiment is a lightweight cylinder, initially positioned on an elbow-height
table in front of the subject.

A total of nine optical markers are used to extract the 3D coordinate information.
One optical marker is attached to the top of the lightweight object. Seven optical
markers are attached to the arm under observation, as shown in Fig. 3, at the shoulder,
upper arm, elbow, lower arm, inner wrist, outer wrist, and middle finger positions.
In addition to marker on the object, and the seven markers on the subject’s arm, a
ninth marker is positioned on the subject’s clavicle.

4.2 3D Modelling Data

3ds Max is used to create the 3D biped model and the animation of manual oper-
ations. The 3D model is created based on the observation and video recordings of
the experiment. Figure 4 shows the initial positions of the biped and object in the
3D model. Given that these are the initial and foundational inputs in the proposed
method, the reliability of themotionmovements is critical to the accuracy and robust-
ness of the subsequent analysis. The 3D coordinate data from the experiment and
the corresponding 3D model are thus compared in order to validate the 3D model
simultaneously confirming the reliability of the 3D humanmotionmodelling method
proposed in a prior study by authors of the present research [6]. The 3D visualization
of the manual operation having been developed, the proposed method is imple-
mented in order to evaluate its performance as a tool for assessing productivity and
ergonomics.



Automated Ergonomics-Based Productivity Analysis … 329

Fig. 4 Initial positions of
biped and object in 3D model

In the proposed system, all the basic hand motions are automatically identified,
and the corresponding standard motion times are computed, based on the MTM-1
system. The motion–time correction in the 3D model is achieved using MAXScript
programming language in 3ds Max. The results of the motion–time auto-correction
are the 3Dmodelling of themanual operation under study and the characterization of a
standardizedmotion–time relationship—outputs that can be used for further posture-
based ergonomic risk assessment, production planning and scheduling analysis, and
workplace design analysis. Figure 5 shows an example output of the proposed system,
where the output text file contains the body segment, the original key frames, and
the updated key frames. The original key frames are typically created by the analyst
based on experience, whereas the updated key frames are generated automatically
based on the proposed system.

Fig. 5 Original and updated key frames in 3D model
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Fig. 6 3D coordinate data at each time frame as extracted from the 3D model

4.3 Productivity Analysis

The key inputs in the productivity analysis are the motion cycle times, which are
generated automatically using the proposed method. The 3D coordinates of each
bone and of the object at each time frame are extracted from the 3D animation and
saved in.csv format, as shown in Fig. 6. Meanwhile, the movements of each body
joint between two frames are calculated in order to generate the Boolean table and
the distance table that serve the motion categorization process. The motions of both
the left and right sides of the body are categorized according to the MTM-1 system.
The corresponding time frames are also saved for each basic motion.

The basic motions of reach, grasp, move, position, and release are automatically
detected for both the left and right sides of the body. In this example, the cycle time
computed for the reach motion is 0.47 s. Thus, the labour productivity of this reach
movement is 2.11 units per second according to Eq. 1. The average cycle time in the
experiment based on the traditional time study technique is approximately 0.49 s, a
result comparable to that computed by the system (thus demonstrating the reliability
of the proposed system).

4.4 Ergonomic Risk Assessment

The use of 3D modelling to achieve automated ergonomic risk assessment has been
validated in previous studies [5, 6, 17, 18]. The biped data collected from the 3D
model are converted to joint angle data as required by the system in order to determine
the ergonomic risk ratings based on REBA and RULA. The degree of repetitiveness
of motions, meanwhile, is generated as an output of the automatic motion time
analysis. The risk score is automatically added if the motion is repeated at least
four times per minute, as per the criterion specified in both REBA and RULA.
Table 3 compares the original and proposed methods. In this experiment, the average
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Table 3 Comparison
between original and
proposed methods

Original method Proposed method

Motion time (s) 0.49 0.47

Productivity (unit/s) 2.04 2.11

REBA risk score 1 2

RULA risk score 2 3

REBA risk level Negligible Low risk

RULA risk level Negligible Low risk

ergonomic risk score is 2 for REBA and 3 for RULA, meaning that both are in the
“low” risk category. However, if the task repetitiveness criterion is not considered,
the average ergonomic risk score is 1 for REBA and 2 for RULA, meaning that both
are in the “negligible” risk category. This result underscores the fact that accurate
input of motion repetitiveness is an essential component of reliable ergonomic risk
assessments.

5 Discussion

Construction poses a high ergonomic risk to workers of developing WMSDs, which
detract from occupational health and productivity. Given the negative impacts asso-
ciated with it in terms of both safety and productivity, it is important to accu-
rately evaluate the ergonomic risk of manual operations. The proposed automated
ergonomics-based productivity analysis using 3D modelling not only offers bene-
fits in terms of labour productivity analysis, but also improves the accuracy of the
ergonomic risk assessment itself. The experimental results validate the accuracy of
the required cycle time computation in the proposed system. Moreover, the required
cycle time is obtained using the predetermined motion times, which are based on
the motion-level analysis. In this regard, the labour productivity metrics obtained
using the proposed method can be used as the basis for benchmarking productivity.
In other words, by investigating manual operations in industrialized construction,
a labour productivity benchmark dataset can be built based on the motion-level
analysis described in the proposed method. From an ergonomic health perspective,
postures and motions that are both high-risk and easily overlooked can be identified
by considering motion repetitiveness, which is taken into account in the proposed
method. Because it does not rely on manual input of the motion information, the
proposed system also improves upon the post-3D ergonomic analysis system previ-
ously developed by authors of the present study in terms of the accuracy of the
ergonomic risk results outputted.

The limitations to which the present research is subject, as well as some potential
avenues of future research in this area, are outlined below.
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• While the present research proves the feasibility of the proposed method with
a simple reaching movement, more complex construction tasks must be used to
check the accuracy and reliability of the proposed method.

• There are different cases in each motion category in the MTM-1 system. The
most common cases are set as the default cases to fully automate the computa-
tion process. The automatic identification of the motion cases warrants further
investigation.

• Other PMTS methods can be developed and compared in future studies.

6 Conclusion

In intelligent manufacturing, human involvement is still essential, particularly
in construction manufacturing. The present research proposes an automated
ergonomics-based productivity analysis method for intelligent manufacturing in
industrialized construction that merges existing motion time system, ergonomic risk
assessment, and 3D modelling techniques. The experiment results demonstrate the
feasibility and accuracy of the proposedmethod. The proposed system is also capable
of providing standard motion times with 3D visualization for motion-level produc-
tivitymeasurement.Moreover, the proposedmethodprovides detailed informationon
postures and their associated cycle times—critical information that helps to improve
the accuracy of ergonomic risk assessments. Given that it incorporates 3Dmodelling,
the proposed method can be applied at the work design phase for rapid workplace
design and modification in order to reduce ergonomic risk while increasing produc-
tivity. The proposed method automatically quantifies the required cycle time and
the ergonomic risks associated with body postures during the execution of manual
operations in the 3D model, and as such it can facilitate improvements in terms of
occupational health and safety, the reliability of planning and scheduling, and the
overall productivity of intelligent manufacturing.
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AWeb-Based Platform for Real-Time
Visualization of Tof UWB Tracking
in Construction Sites

Mahdi Naimi Jamal, Tian Jin, and Farnaz Sadeghpour

1 Introduction

Knowing the real-time location of workers and equipment in a construction site can
be beneficial for both safety reasons and work efficiency. By knowing the routine
routes taken by workers and equipment, the dynamic construction site layout can be
optimized tominimize these trips [2].Also, hazardous areas can be definedwhichwill
help to notify workers and prevent them from entering a non-safe area [4]. Another
key benefit of knowing the location of workers is to improve the evacuation process.
In case of an emergency, if the construction site needs to be evacuated quickly,
knowing the location of each worker will help to prevent people from getting stuck
or left out in the site [12].

To this end, different locating systems have been developed. These systems fall
into twomain categories which are vision-based and signal-based [24]. Vision-based
systems rely on cameras and computer vision to get the position of people and
equipment present in the camera’s field of view [24, 29] On the contrary, signal-
based methods can locate the person or equipment using the physical principles
of the signal in use. Examples of such frameworks are Global Positioning System
(GPS), Radio-frequency Identification (RFID), Wi-Fi-based, Bluetooth Low Energy
(BLE), and Ultrawide Band (UWB) [1, 24].

For locating assets in an outdoor environment, GPS is the leading technology
[1]. However, GPS signals have relatively low penetrability and cannot go through
building elements such as walls [28]. Therefore, the need for a robust indoor posi-
tioning system (IPS) is present. RFID, Wi-Fi, and BLE perform well in indoor envi-
ronments but suffer from high error in Non-Line-of-Sight (NLOS) scenarios. UWB
on the other hand is more immune to this [6]. Therefore, considering the nature of the
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construction sites, and the characteristics of UWB, these systems are gaining more
and more attention.

To use UWB, different methodologies have been introduced, including Time
Difference of Arrival (TDOA), Angle of Arrival (AOA), Time of Arrival (TOA),
and Time of Flight (TOF) [1, 20] Compared to other methods, TOF has a better
performance in terms of accuracy and ease of implementation [20]. In the TOF
method used in this research, only one listener tag is connected to the computer
via wire, while the connection of other tags is wireless. This is a huge benefit for
construction sites as it is not always possible to use wires across different parts of a
site. The TOF-based UWB RTLS does not require cables for time synchronization
thus it will be more cost effective. For traditional TDOA-based UWB, the anchors
are significantly more expensive than the tags. As the tags and anchors for this TOF-
based UWB RTLS can be utilized interchangeably, there is no specific requirement
to distinguish the anchor and the tag modules. Hence, from the economical expense
perspective, the TOF-based system is more cost effective. Another key characteristic
of a positioning system for a construction site is to be able to monitor the location
of assets remotely [21]. To this end, web-based frameworks have been proposed in
recent years [14, 17, 23]. In this research, the focus will be on implementing the
TOF method to get live locations of assets. As mentioned before, using TOF will
ease the implementation process, and having a remotely accessible platform will
help with remote monitoring. The proposed system will also be capable of logging
all the detected movements. Making the platform available to managers, this logging
can be beneficial by providing raw data for further analysis on material and workers’
movement which can result in congestion detection, optimization of the construc-
tion site layout according to the actual needs [2], as well as safety concerns such as
preventing accidents.

2 Literature Review

Real-time locating has various aspects to cover. One of the main components of this
practice is data transmission. To achieve a near-live location of an asset, a rapid data
transmission with almost no lag is needed. To this end, various approaches have been
surveyed.

The first method of data transmission is to connect all anchors through an Ethernet
Cable to a computational platform. On a construction site, however, it is not always
possible to use wires throughout the construction site. Also, even if possible, this
approach is considered inefficient as it results in extra workload regarding the
installation and configuration of the anchors [8, 10, 11, 13, 15, 18, 19, 26, 27, 31].

The next method connects the tags to a computer using wireline cables [32].
This method is also not efficient as it demonstrates significant limitations. The most
important limitation of this approach is that it is neither practical nor possible, to
connect every single worker and equipment with a wireline cable to a computational
station.
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The third method is to use mobile devices or internet connection for data trans-
mission [16, 22]. The most important aspect of this method is that it enables remote
observation of the site data, which as discussed before, has a profound meaning for
construction site applications.

Besides the data transmission, another key component of the real-time location
visualization platform is the data update rate [9, 25]. To be able to see the location
of an asset in each time step, the data refresh rate of the tag and the website should
be synchronized.

Different real-time location systems have been developed by various studies in
the past two decades [3, 5, 7, 13]. The main function of these developed platforms is
to generate alarms when the danger occurs. However, the real-time location presen-
tation is not extensively investigated. As discussed before, real-time visualization
can become beneficial. Therefore, this study will investigate the visualization part
with the emphasis on real-time presentation. To this end, a web application will be
developed which uses only wired tag as a listener. Besides, to gain real-time updates,
the refresh rate of the web platform will be the same as the data rate of the tags.
Details of how this goal is achieved are discussed in the upcoming part.

3 Methodology

Toachieve the aforementionedgoal, aTOF-based location tracking systemandaweb-
based visualization are needed. These frameworks will be discussed in the following
part.

3.1 Time-Of-Flight (TOF)

TOF-based UWB positioning uses the time that the signal needs to travel from an
anchor to a tag. Knowing that the signal is traveling with a known speed, referred to
as the propagation speed, the distance between a tag and an anchor can be achieved
by Eq. 1 [30]:

d = TOF · c (1)

where d is the distance between the tag and the anchor, TOF is the time that the
signal spends traveling, and c is the propagation speed of the signal. To be able to
locate an asset in a 2D space, at least three fixed tags are needed.

By having the distance of the asset to each of these tags, the asset’s location can
be estimated using Eq. 2:

√
(x − xi )

2 + (y − yi )
2 = di (2)
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Fig. 1 Estimated location of
the tag according to one
anchor

where (x, y) is the estimated location of the tag, (xi, yi) is the location of anchor
i, and di is the distance from the tag to anchor i. As shown in Fig. 1, this equation
will result in a circle with the center of anchor i and the radius of di.

Using the location of the three tags and their relative distance to the asset, the
location of the asset can be estimated by solving the system of equations shown
below for x and y:

⎧
⎪⎨
⎪⎩

√
(x − x1)

2 + (y − y1)
2 = d1√

(x − x2)
2 + (y − y2)

2 = d2√
(x − x3)

2 + (y − y3)
2 = d3

(3)

These equations will lead to the intersection of the three circles mentioned above.
In case these circles do not intersect in a point, the following system should be solved
to obtain the asset’s location:

min
x,y

⎧
⎪⎨
⎪⎩

√
(x − x1)

2 + (y − y1)
2 − d1√

(x − x2)
2 + (y − y2)

2 − d2√
(x − x3)

2 + (y − y3)
2 − d3

(4)

Figure 2 shows a visualization of the previous equation. The red cross shows the
estimated location, while each circle corresponds to an estimated (x, y) according to
each tag.

A similar calculation can be done for 3D using the z component of the location
and adding it into the formulas. The only difference between 2 and 3D tracking is that
for tracking an asset’s location in 3D, at least four anchors are needed. Using ranging
data of at least four anchors, the location can be estimated by the same formula using
(x, y, z) data as input.
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Fig. 2 Estimated location
using three tags

3.2 Web-Based Application

Using the positioning system mentioned above, location data is gathered. This data
contains tag ID, time of reading, and the coordinates. To show this data on the
webpage, the data flow is as shown in Fig. 3. The UWB indoor positioning system
creates location data and sends it to a teraterm terminal emulator using data cables.
Here, the locations will be converted and recorded to a log file format which is
then converted into a CSV file. As more methods and functions are available for
processing a CSV file, these files are much easier to process compared to the raw
data acquired from the sensors. Therefore, instead of using the raw data, the CSV
log is passed to the next step. Here, a Flask application written with Python takes the
CSV files and hands them over to the JavaScript platform. The data is visualized in
JavaScript and handed over to an HTML code to show it on the webpage.

Fig. 3 Visualization of the data flow of the proposed framework
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4 Implementation

To implement the mentioned data flow, a webpage is designed to show the plot.
This website sends a request, for obtaining a new plot, to the ChartJS function. The
request will be directed to the Flask application. To answer this request, the Flask
application accesses the latest data, in this case, the last row in the CSV file. This
data will be sent back to the ChartJS which will convert the coordinates to a visual
plot. The resulting plot will be sent via a push request to the website which results
in the website showing the latest location of the tag. To keep this plot up-to-date and
obtain the live location, a setInterval() method with the same refresh rate of the tags,
in this case, 10 Hz, will be applied. This will result in the website sending requests
every 100 ms to refresh the data and consequently receiving the latest location as a
response.

Figure 4 shows the resulted sample webpage. The current locations of three tags,
that are each assigned to a worker, are visualized using three triangles. As each tag
moves, it leaves a transparent trace in the space. This can help with further path
analysis, meaning that pathways with the most commute can be known because of
their bolder color. Also, points of congestion can be easily detected because they
also become bold as time passes and the tag stays at the same place. The console log

Fig. 4 Screenshot of the website showing the latest position of a tag
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of the web browser, in this case, Google Chrome, is also shown to demonstrate the
constant input data flow.

5 Summary and Conclusion Remarks

This study developed a platform capable of visualizing the location data in real-time
and enabled this conception available for remote access. To this end, the developed
web-based platform can show the current location of a tag and stores the historical
data. The real-time current locations can be utilized for preventing accidents by
visualizing the locations of different labor and equipment on construction sites. The
distance between the two tracked objects (such as labor and a piece of running
equipment) is indeed important for predicting danger. However, other information
such as velocity and movement direction has to be considered. Because a close
distance will not trigger injury or fatality hazard if the two objects are moving in two
different directions. Different from previously developed platforms, this platform
can indicate the direction of the movement, and the approximate velocity of the
movement. This will enable the integration of multiple factors while considering the
safety hazard.

The preserved historical location estimation data has also profoundmeaning since
it can be utilized for investigations of accidents.Moreover, the historical location esti-
mations can also be utilized to observe the most frequently utilized path for labor and
equipment, which can be used for understanding the behaviors on sites. In the future,
automation or at least semi-automation on site is an irreversible trend. Understanding
the most frequently utilized path on site will also be beneficial for the navigation of
the robotics. Remote access to the developed platform also demonstrates unique
advantages. Simply by monitoring the construction remotely, the project manager,
supervisor, as well as owner will promptly and efficiently understand the progress
and situations of construction.
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An Overview of Modeling Spatial
Relationships in Site Layout Planning
Literature

A. Marcano Pina and F. Sadeghpour

1 Introduction

Site layout planning studies the efficient allocation of temporary facilities in construc-
tion sites, a field that has gained increasing interest from researchers in recent years.
In this sense, multiple academic journal papers have been published, mainly focused
on optimization models to optimize the layout [1–3]. Also, overview papers have
studied the different aspects of the problem, directing interest towards time dimension
modelling, path planning, objects representation, spatial relationships, and advanced
metaheuristics algorithms for problem-solving [4, 5]. One of the essential aspects of
construction site layout planning (CSLP) is defining spatial relationships between
temporary facilities. Spatial relationships are the logical placement of facilities in
the site in relation to each other to achieve planning goals defined for the project.

An example of this can be placing a materials storage facility such that it remains
visible from the site office to increase security. Despite the importance of spatial
relationships, most studies only consider one (closeness) in the site layout planning
model. While utilizing a single spatial relationship simplifies the formulation of the
objective function, it can overlook other relationships that are important for placing
the facilities on the layout. In former studies, other relationships are used with less
frequency but also address different objectives and planning goals [6, 7]. For this
reason, the purpose of this overview paper is to present the modeling of the spatial
relationships as found in the literature, show examples of applications, and provide
recommendations for future work in this area. These findings will facilitate a higher
inclusion of spatial relationships in CSLP models, allowing future studies to provide
more realistic layouts in correspondence with the requirements of the industry.
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Fig. 1 Classification of journal papers in site layout planning research

2 Methodology

This review paper is based on 87 studies published between 1994 and June 2020,
whichwere found using four research databases: Scopus, ScienceDirect, andGoogle
Scholar. The search was narrowed using keywords such as “site layout planning”,
“construction site”, and “temporary facilities allocation”. Other studies were selected
through cross-referencing from the bibliography of each paper. Based on this review,
various aspects of the site layout planning problem were identified and classified
into four main categories as shown in Fig. 1: optimization models, decision-support
systems, software integrated models and overview papers.

After classifying the studies, it was found that only the papers presenting opti-
mizationmodels contained information regarding spatial relationships,mathematical
formulation and application examples; in contrast, the rest of the categories focused
on showing other aspects of the problem. The optimization models were selected as
inclusion criteria resulting in 66 papers. The objectives, objective functions, planning
goals and spatial relationships were identified either within the mathematical formu-
lation of the model, the problem description or through examples and case studies
presented by researchers. However, In reviewing the papers, it was found that plan-
ning goals, objectives and spatial relationships terms were commonly confused or
used interchangeably, suggesting that clarification of each term is required.

3 Planning Goals, Objectives, Objective Function
and Spatial Relationships

Planning goals were found in examples as improving productivity, safety, security,
and functionality in the site. Objectives seek to satisfy a specific requirement, for
example, ensuring visibility from the site office to the materials storage area, which
is translated into an objective function. Finally, spatial relationships support the
satisfaction of objectives and include closeness, farness, minimum and maximum
distance, adjacency, containment, mutually exclusive relationships, orientation, and
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visibility. However, these terms are commonly confused or used interchangeably;
hence, this section intends to illustrate the differences between the aforementioned
concepts to create a unified understanding.

3.1 Planning Goal

As found in the literature, there are 4 general goals that have been expressed for a
site layout plan: to increase productivity, functionality, security, or safety. Goals are
translated into objectives, such asminimize the distance between temporary facilities
with high levels of interaction. Objectives typically involve spatial relationships and
are translated into the objective function to quantify them to be used in optimization
models. An example of this can be placing the carpentry shop near the building in
construction, which will minimize the distance between them (objective) to increase
productivity in the construction site (planning goal). By applying closeness as spatial
relationship, the objective is translated into the objective function. Definitions and
examples of this aspect include:

• Increasing productivity: this goal seeks to improve the efficiency of construction
activities, given by the ratio between the time spent working and the unproductive
time due to time spent in movements across the site (distances). To achieve this
goal, some examples in the literature have minimized the weighted distance in
the objective function following the prioritized relationships between temporary
facilities [8].

• Increasing safety: this seeks to reduce the accident probabilities in construction
sites. Examples of this goal have been presented in the literature by placing
concrete batching plants far from site offices [9] or by providing a minimum
distance between site offices and cranes [1].

• Increasing security: through specificmeasures taken to protect people, equipment,
ormaterials in the site from theft or violence.Anexample of this is to placematerial
storage facilities within the visibility area from a guardhouse, increasing visibility
and security in the area.

• Functionality: the use of one temporary facility or construction object is required
for the operation of another object. An example of functionality can be the
application of proximity of a gas-powered heater and a propane tank [10].

3.2 Objective

The objectives are the numerical translation of planning goals to be used in objective
functions, which frequently involve spatial relationships between temporary facili-
ties. For example, to increase productivity (planning goal), the model will minimize
the distance between the temporary facilities (objective) using spatial relationships,
such as closeness or adjacency. In the literature, objectives are used to address one or



348 A. Marcano Pina and F. Sadeghpour

multiple planning goals and can also be impacted by one ormore spatial relationships.
Table 1 illustrates examples of different objectives, goals, and spatial relationships.
As can be seen in the examples, an objective can help achieve one or more planning
goals. For instance, minimizing the distance between the materials hoist and the
guardhouse can help increase security in the site. This can alternatively be achieved
by ensuring visibility from the former to the latter. Another example isminimizing the
distance between the steel storage and the electrical shop, which increases produc-
tivity, and helps address the functionality requirement since one facility supplies
materials to the other.

From the examples inTable 1 can be inferred that the relationships between tempo-
rary facilities can have different representations in the site layout. In this sense, Fig. 2
shows six schematic examples of spatial relationships applied to temporary facili-
ties: (a) closeness, (b) farness, (c) containment, (d) minimum distance, (e) maximum
distance, and (f) visibility.

Figure 2a shows the placement of a site office as close as possible to the labor
residence, which minimizes the distance between them and increases productivity
in the site. As demonstrated with farness in Fig. 2b, the site office is located as far
as possible from the welding shop to avoid risks, which is also applicable to areas
allocating hazardousmaterials such as diesel, oil, or solvents. Figure 2c demonstrates

Table 1 Examples of goals, objectives, and spatial relationships

Planning goal Objective Spatial relationship Example

Productivity Minimize the distance Closeness Supply points and tower
cranes should be placed as
close as possible

Safety Maximize the distance Farness The site office should be
far from the welding shop

Security Direct observation/minimize
the distance

Visibility The materials hoist should
be visible from the
guardhouse

Functionality Minimize the distance Adjacency The steel storage area
should be placed next to
the electrical shop

)b)a c)

)e)d f)

Site 
office

As close as possible

Labor 
room

Site 
office

Min distance

10m

Site 
office

Batch Plant
As far as possible

Site 
office

Power 
generator

10m

Building in construc�on

Storage 
area

Site 
office

Materials
storage

Labor 
Residence

Max distance

Fig. 2 Schematic examples of spatial relationships: a closeness, b farness, c containment, d
minimum distance, e maximum distance, and f visibility
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how allocating a storage facility inside the building in construction reduces the travel
movement of employees, materials, and equipment. Figure 2d illustrates a minimum
distance between the cranes and other temporary facilities, which increases safety in
lifting operations. This can also be considered within exclusion zones for the same
purpose.

On the other hand, Fig. 2e shows the assignment of a maximum distance of
10 m between the site office and a power generator to guarantee functionality within
a safety distance from employees. Finally, Fig. 2f depicts visibility from a site
office to a materials storage facility and a labor residence. This placement can be
required to increase the security of construction materials and productivity through
the supervision of employees in the residence.

As explained through the examples, multiple objectives can address a goal
and conversely, a goal can be represented through more than one objective. This
is demonstrated through objective functions used in single or multi-objective
optimization.

3.3 Objective Function

In optimization models, an objective function (also referred to as utility function)
is applied to improve the layout, where its mathematical formulation represents the
objective(s) defined for the problem. For example, in a single optimization model
where the goal is to increase productivity in the site, this goal is translated into the
objective of minimizing the distance between the temporary facilities. This can be
represented by an objective function (OF), such as Eq. 1, given by the minimum
value of the weighted distance, Min OF:

Min OF =
∑

Wi j ∗ Di j (1)

here, Wij and Dij are the level of importance given to the interaction and the distance
between facilities i and j, respectively.

Multi-objective optimization typically shows contradictory goals and objectives,
such as increasing productivity and reducing risks, addressed through distance mini-
mization and/or maximization. In this case, two or more objective functions exist
simultaneously, making it challenging to get a single optimal solution. Researchers
commonly assign an importance weight to each function to prioritize one objective
over the other(s) and obtain the best result possible [11], 2 For example, Eqs. 2 and
3 define the objectives of increasing productivity (f1) and safety (f2), and Eq. 4 is the
weighted sum of both functions, F, based on the importance value assigned to each
objective:

f1 = Min
∑

Wi j ∗ Di j (2)
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f2 = Max
∑

Ri j ∗ Di j (3)

F = w1 ∗ f1 + w2 ∗ f2 (4)

here, Wij, Rij, and Dij are the importance of closeness, importance value of farness,
and the distance between temporary facilities i and j, respectively. Also, w1 and w2

represent the weights associated with functions f1 and f2, respectively.

3.4 Spatial Relationship

In site layout optimization, the objectives commonly involve spatial relationships
between temporary facilities. In the examples mentioned in Table 1, the objectives of
minimizing and maximizing distance introduced closeness and farness relationships
between facilities.Multiple optimizationmodels have used closeness to achieve these
objectives, but other spatial relationships can also contribute to this purpose. In this
sense, eight spatial relationships were found in the literature in the mathematical
formulation of the model, the problem description, or examples and case studies.
Figure 3 shows the spatial relationships distribution in optimizationmodels. Figure 3a
presents the frequency of each spatial relationship in different studies. It can be seen
that the most used relationship is closeness, followed by farness, minimum, and
maximum distance. There were also applications of containment, exclusion zones,
adjacency, orientation, and visibility. Figure 3b shows different combinations (or
applications) of spatial relationships in optimization models. 28 studies had only one
spatial relationship, followed by two and three relationshipswith less frequency.Only
four case studies with four or more spatial relationships were found. The definition
and examples of each spatial relationship are described in the next section.

Fig. 3 a Distribution of use of various spatial relationships in the literature, b number of spatial
relationships used in CSLP models
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Closeness

Closeness refers to placing temporary facilities as close as possible. This spatial
relationship was found to be the most used in the literature (Fig. 3a). To assign an
importance value to the distance between temporary facilities, examples of closeness
have been presented as the cost of the workflow [8], employees’ or materials’ travel
frequency [2, 12] and travel costs [13]. As seen in the literature, the higher the
value for closeness in the objective function, the more important is the relationship
between temporary facilities. Equation 5 presents an example formula to minimize
the distance between facilities given by Min f(X):

Min f(X) = W ∗
√

(xi − x j )2 + (yi − y j )2 (5)

where W is the value of closeness, xi, yi are the coordinates of facility i, and xj,yj
are the x,y coordinates of facility j. Figure 2a shows a schematic example of this
relationship.

Farness
Farness aims to place temporary facilities as far as possible. Applications of

this relationship represented it as a negative or very low positive value [14, 15].
For example, if a concrete batching plant must be placed far from the site office to
increase safety, farness is applied by maximizing the distance between the facilities
(Fig. 2b). Equation 6 shows a typical mathematical expression that helps achieve this
objective given by Max f(X):

Max f(X) = W ∗
√

(xi − x j )2 + (yi − y j )2 (6)

where W is the value of farness, and xi, xj, yi, yj are the x,y coordinates of the
temporary facilities in the site layout, respectively.

Minimum Distance

The minimum distance is used to place the temporary facilities within a specific
separation distance, not lower than the value decided by the user. In applications from
the literature, this spatial relationship helped increase safety in the site. Figure 2d
shows the use of this relationship to place tower cranes within a safe distance from
the site office, which can also be applied to allocate facilities containing dangerous
materials [16, 17]. Equation 7 shows an example of this function, given by Dmin as
the minimum distance allowed:

Dmin ≤
√

(xi − x j )2 + (yi − y j )2 (7)

where xi, yi, xj, yj are the x and y coordinates of facilities i, and j respectively.
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Maximum Distance

Maximum distance demands a specific separation distance assigned by the user,
which can not be less than the actual distance between the facilities. The utilization
of this spatial relationshipwas present in problemswhere crane and supply points had
to be placedwithin amaximum distance [1, 18]. In addition, this relationship can also
be applied to ensure functionality between power generators and site offices while
maintaining a safe distance (Fig. 2e). Equation 8 shows an example of amathematical
formulation given by Dmax as the maximum distance allowed between temporary
facilities:

Dmax ≥
√

(xi − x j )2 + (yi − y j )2 (8)

where xi, yi, xj, yj are the x,y coordinates of facilities i, and j, respectively.

Adjacency

Adjacency involves the placement of two facilities right next to each other. Appli-
cations of this relationship were mathematically formulated [7], presented as binary
constraints [15] or corner to corner relations [19]. An example from the literature
placed a storage area adjacent to the garage to facilitatematerials allocation in the site,
increasing productivity. Still, this relationship can also help with safety, security, and
functionality. Equation 9 shows an example of the mathematical formulation given
by XOj, XOj+1, YO, YOj+1 as the X, Y coordinates of the centroid of the facilities:

XOj − XOj+1 = b j

2
+ b j+1

2
Y Oj − Y Oj+1 = 0 (9)

where bj, and bj+1 are the width of the facilities.

Containment

Containment refers to placing an object inside an area delineated by the boundaries
of another area [5]. An example of this spatial relationship was illustrated by placing
a materials storage area inside the building in construction (Fig. 2c). As found in the
literature, researchers have presented containment as rules in the model [19, 20] or
through mathematical formulation [6]. Equation 10 shows an example formulation
given by the net space available Ai,t:

Ai,t = Gi,t − Ci,t −
∑

(FOi,t − FPi,t ) (10)

where Gi,t is the gross floor area, Ci,t is the clear area required, FOi,t is the floor space
occupied by an activity, and FPit is the reduction in floor space after floor partitioning
i at time t (dynamic site layout).



An Overview of Modeling Spatial Relationships in Site Layout … 353

Mutual Exclusion

The mutual exclusion relationship prevents a specific temporary facility from being
placed in the same area where other facilities are placed. Examples in the literature
show how tower cranes can not be placed in the same area as site offices [1]. This
relationship is illustrated through the example formula in Eq. 11 and given by the
binary variable λij:

λi j + λi j+1 ≤ 1 (11)

where λij + λij+1 prevents two different facilities from being placed in the same area
by forcing one of them to have a value equal to zero.

Orientation

An orientation relationship between temporary facilities forces them to be located at
a specific angle or in the north, south, east, or west from another facility. Only four
applications of this relationship were found in the literature (Fig. 3a). An example
mathematical formulation from the literature is illustrated through Eq. 12 [21], where
the objects are rotated around their centroids. This is given by the centroids xi, yi of
the facility:

xi = [
(x − xc) ∗ cos(θ)

] − [
(y − yc) ∗ sin(θ)

] + xc

yi = [
(x − xc) ∗ cos(θ)

] − [
(y − yc) ∗ cos(θ)

] + yc (12)

where xc, x, yi, yc, are the x, y coordinates of the centroid of the facility, and � is
the rotational angle required by the orientation spatial relationship.

Visibility

Visibility refers to the direct observation from a facility to specific locations in the
site (Fig. 2f). Visibility has been applied in the literature to place material hoists in
line of sight of the site offices and/or security gate [22]. An example formulation is
presented in Eq. 13 [7], given by the x,y coordinates of the facilities represented as
XOj, Xc, X, YOj, Yc:

(Y Oj − Yc)
(XOj − Xc)

≥ Smin

(Y Oj − Yc)
(XOj − Xc)

≤ Smax (13)

where Smin and Smax are the minimum and maximum slopes of the visibility area
within which the facility should lie.
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3.5 An Illustrative Example

As mentioned in the previous sections, it is important to highlight the difference
between goals, objectives, and spatial relationships due to the common confusion
on the terminology. To illustrate this difference with an example, suppose that the
planning goal seeks to improve safety conditions on the site. Areas where dangerous
activities are taking place, such as welding shops, must be placed as far as possible
from working areas such as site offices; hence, the objective is to maximize the
distance between the welding shop and the site office. This objective can be achieved
by applying a farness spatial relationship between these temporary facilities. The
objective function in Eq. 14 shows an example of the mathematical formulation of
this objective, given by Max f(X):

Max f(X) = W ∗
√(

xi − x j
)2 + (

yi − y j
)2

(14)

where W is the value of importance or weight of farness, and xi, yi, xj, yj are the x,y
coordinates of the site office and the welding shop, respectively.

4 The Importance of Modeling Spatial Relationships In
Site Layout Planning

The application of spatial relationships in the site layout contributes to addressing
important planning goals, such as productivity, safety, security, and functionality. In
this sense, Fig. 4 shows the utilization of adjacency, visibility, closeness, farness, and
minimum distance to the temporary facilities. The site office is adjacent to the labor
residence to increase productivity through distance minimization. At the same time,
these two facilities are placed as far as possible from the construction area to increase
safety to employees, which is also addressed by placing the power generator within a
minimumdistance of 10m. Thematerials storage area is placed close to supply points
and the building in construction but is also visible from the main gate where security
personnel has direct observation, which seeks to increase productivity, functionality,
and security, respectively. As can be seen, the layout presents a logical allocation of
the facilities in correspondence with planning goals and objectives.

A CSLP model able to address multiple spatial relationships can provide flexi-
bility in the nature and number of requirements needed by the problem; however,
more computational effort could be required, presenting an optimization decision
that researchers should evaluate. In future works, this dimension can introduce addi-
tional methods to model and solve the construction site layout planning problem
while considering the complex and dynamic aspects that this problem entails. Finally,
understanding the importance of the interaction between goals, objectives and spatial
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Fig. 4 Spatial relationships modelling in the construction site layout

relationships in optimization models can open the door to developing efficient
techniques for everyday utilization in construction sites.

5 Summary and Concluding Remarks

The study presented spatial relationships and their applications in CSLP problems
based on 87 formerly published academic journal papers. Out of these, 66 optimiza-
tion models included closeness as a spatial relationship and 40 papers used more
than one spatial relationship. Additionally, this review allowed identifying planning
goals and objectives for site layout planning commonly used in literature. Examples
of definitions and mathematical formulation of each spatial relationship have been
presented, followed by their graphical representation and application in construction
sites. The results show that multiple optimization models had been developed in the
field, using one spatial relationship.

Nevertheless, some studies included other spatial relationships to address different
goals and objectives, which shows an increased interest in understanding this dimen-
sion. However, there is still a gap in the inclusion of spatial relationships in opti-
mization models, which presents a research opportunity for future studies. The find-
ings of this study presented the following spatial relationships: closeness, farness,
minimum and maximum distances, mutually exclusive relationships, adjacency, visi-
bility, orientation, and containment. In addition, the results show productivity, func-
tionality, safety, and security as planning goals. Finally, example objectives include
minimizing distance, maximizing visibility, and ensuring a minimum distance.
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Understandinghowspatial relationships help achieveplanninggoalswhile solving
the CSLP problem can open the door to include this aspect in future works. As
presented in this study, the efficient integration of spatial relationships in CSLP opti-
mization models can contribute to more realistic site layouts. Also, expanding the
knowledge about specific requirements and needs from the industry can increase
the application of optimization models in real-life construction projects. Given
the complex and dynamic nature of construction sites, each problem is unique,
with different sets of constraints and specifications. However, spatial relationships
represent a practical tool that can help solve a broad range of CSLP problems.
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Virtual Reality-Motion Capture-Based
Ergonomic Risk Assessment
of Workstation Designs of Construction
Manufacturing Facilities

R. Dias Barkokebas, M. Al-Hussein, and X. Li

1 Introduction

In offsite construction, 60–90% of the tasks conventionally performed on-site are
instead performed in a factory [17]. Although workers benefit from the factory envi-
ronment and from the utilization of automated or semi-automated equipment, they are
still exposed to high degree of physical demands [20]. For instance, repetitivemotion,
which is frequently observed in constructionmanufacturing tasks due to the standard-
ization of products, intensifies muscular tension even if awkward body posture is not
required and force level is low [20]. In fact, forceful exertion, awkward body posture,
and repetitive motions are the primary causes of work-related musculoskeletal disor-
ders (WMSDs) [6], which often result in a loss of productivity attributable to higher
absenteeism, injury rates, and early retirement [5]. As processes are centralized in
workstations on the production line, the extent of worker exposure to the risk of
WMSDs is largely a function of workstation design and facility layout. As stated by
Deros et al. [8], a workstation designed by taking ergonomics into account not only
guarantees the health and safety of workers but also increases the productivity of the
production line. However, although ergonomic principles are implemented during
the design of workstations, workers can still be exposed to ergonomic risks due to
mismatching anthropometry data during the workstation design [21] and operational
factors such as process flow and task repetition [12]. Hence, assessing ergonomic
risks of workstations is needed to provide a safer workplace and reduce long-term
exposure of workers to the risks associated with WMSDs.
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Traditionally, ergonomic analyses of workplaces are conducted by observing
workers on the production line. However, this manual observation requires an
ergonomist or a field specialist, is laborious, and error prone due to observer bias and
occlusion issues [13]. Furthermore, any alteration to workstation design is reactive
resulting in productivity losses and increased time and cost of implementation [19].
To overcome these limitations, one of the most effective approaches to control the
degree to which workers are exposed to the risk of developing WMSDs is to identify
and prevent ergonomic risks in early design stages by using conventional phys-
ical prototypes. However, physical prototyping requires the commitment of major
resources [2].

Simulation and using virtual models of work scenarios are both powerful
approaches to achieve a robust analysis of human-product interactions at any stage
of design development [18]. In particular, virtual reality (VR) produces immersive
computer-generated virtual environments in which users can experience and provide
insights on situations/products found in the real-world [22]. VR enables users to
review designs based on interactions at a real scale, which is a primary benefit of
physical prototyping, by allowing users to experiment and evaluate prototypes in a
realistic manner [23]. In addition, adjustments to the design of a workstation can be
easily incorporated as an updated design can be quickly re-evaluated in the VR envi-
ronment. Therefore, VR aids in the decision-making process by adding speed and
flexibility to the design development phase. The application ofVR in the construction
industry is explored in a variety of areas such as engineering and architectural design
review [25], training of workers to use construction equipment and do new tasks [3,
15], and ergonomic analysis [4, 9, 10]. However, according to a systematic review on
the subject, research is still needed to realize the full potential of the implementation
of VR in the architecture, engineering, and construction sectors [7]. In order to eval-
uate two design options proposed for a workstation at which hardware is installed on
a window frame, the present study applies a VR-based simulation method to proac-
tively identify ergonomic risks based on body motion data collected using an inertia
motion capture (MOCAP) system.

2 Methodology

The present study aims to explore the application of aVR-MOCAP–based ergonomic
risk assessment method to identify ergonomic risks associated with tasks performed
at aworkstation during the design phase in order to facilitate selecting theworkstation
with lesser ergonomic risks for further design development and to identify potential
design improvements. It is important to mention that this research is an extension of
the study conducted by Barkokebas and Li [9] that proposes a VR-based ergonomic
risk assessment method to identify ergonomic risk ratings proactively in the initial
phase of workstation design. Another layer of complexity and accuracy is added to
the method proposed in [9] in that the present study incorporates the utilization of
an inertia MOCAP system to collect body motion data.
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INPUTS
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design
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- Sequence of 
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- Tools
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with reduced 
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6
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improvements
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assessment

3
Analyze data

5
Select Design

Fig. 1 Overview of research methodology

Themethodology followed in the present study comprises six steps as illustrated in
Fig. 1. The inputs of themethodology include the following: participants’ height, age,
gender, relevant body dimensions, and historical injuries that may affect participant’s
mobility; information pertaining to the task to be simulated, such as workstation
design and dimensions, sequence of activities, and corresponding tools/procedures;
and the results of two assessment methods, Rapid Entire Body Assessment (REBA)
andRapidUpperLimbAssessment (RULA). In stepone, aVRapplication is designed
to simulate a task performed at a construction manufacturing facility. Unreal Engine
is chosen to create this application due to its capabilities of utilizing Blueprint Visual
Scripting to develop realistic virtual environments. In step two, research experiments
are conducted in theVRenvironment to acquire information on human bodymotions.
Participants, researchers at the University of Alberta, are invited to participate in
the experiment voluntarily. In step three, body motion data is analyzed to check
for outliers and inconsistences. Then, in step four, relevant body joint angles are
retrieved from the body motion data and inserted as input in a pre-structured Excel
spreadsheet from which ergonomic risk ratings are calculated using two existent
risk assessment methods, REBA and RULA. The force and load on the body are
estimated based on the weight of objects being handled. After rating the ergonomic
risks of the investigated task, the total rating of the task and the rating of each body
segment are compared for the two design options being explored. To account for the
variance between the time required to complete the task in each design option, the
average REBA andRULA rating and the percentage ofmedian time spent at each risk
range is determined and applied as a decision factor in the analysis. In addition, the
maximum and minimum REBA and RULA ratings are verified to assess if a design
option exposes users to higher range risks than the other. Based on these factors,
a design option is selected in step five. In terms of further reducing postural-based
ergonomic risks, areas of potential design improvements are identified in step six.
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3 Case Study

Two design options are selected for a workstation at which hardware is installed on a
window frame. These design options and the current workstation that is in operation
are shown in Fig. 2. The tasks performed at this workstation include picking up
hardware from the shelves and placing hardware in the correct location on thewindow
frame, attaching hardware to the frame using screws and a wireless compact drill
driver, lifting and rotating a 1.62 kg, 35 × 40 cm rectangular window frame, and
picking and placing the operator (a larger hardware piece) on the window frame. The
task is analyzed as a continuous operational process for the purpose of ergonomic
risk ratings. The experiment is carried out with participants who complete the task
in the VR environment in an unobstructed area measuring 1.80 × 2.40 m, which
encompasses a play area of 1.50 × 2.10 m in the VR environment.

3.1 Virtual Reality Environment

The VR environment is composed of a manufacturing facility in which the two
design options being investigated are virtually represented at full scale according to
their design specifications. When the participant engages in the VR environment, a
window frame measuring 35 × 40 cm has already been placed on the work surface
of the workstation and pieces of hardware similar to the real-world ones are located

a  Current workstation in operation.

 .B ngiseD c .A ngiseD b

Fig. 2 Current workstation design and the two design options under study
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in storage bins placed on shelves as specified in the design drawings. While the user
is immersed in the virtual environment, the participant can interact with the virtual
workstation and engage in movements such as picking up, holding, and attaching
pieces of hardware to thewindow frame, as well as hold and rotate the window frame.
The VR environment is designed in such a manner that in order to hold a piece of
equipment, the participant must keep pressing the side buttons of the hand controller;
this is done to ensure that participants distinguish the motion of holding an object
in the virtual environment from other motions (for instance, touching an object). It
is important to mention that all pieces of material/equipment lifted in the real-world
weigh less than 2 kg, thus their weight does not have an impact on either the REBA
or RULA analyses. The approach followed in Dias Barkokebas and Li [9] to develop
a VR application for ergonomic studies has been applied during the design phase of
the VR application developed for the present study.

3.2 Participants

Participants with no history of musculoskeletal injuries are selected to represent
various percentiles of the population in theUnitedStates according to their stature [1].
This approach is chosen as it has been previously applied in a similar study [19] and
is recommended to overcome limited information about end-users during the design
phase [11]. Before participating in the experiment, participants are given information
about the present study and about the task to be performed (i.e., what is needed to
be done and how to operate the provided tool). In addition, participants are asked
to read and sign a form consenting to participating in this research and appearing
in photo and video data collected during the experiments. Once all instructions are
given and questions are addressed, the 17 inertia inertial measurements units (IMUs)
are placed on participants’ body segments. Altogether, four participants participated
in this study; Table 1 provides participant information relevant to the present study.

Table 1 Characteristics of participants

ID number Gender Age Weight (kg) Height (cm) Percentile Historical injury

1 Male 26 65 175 50th No

2 Female 31 54 163 50th No

3 Male 29 78 187 95th No

4 Female 30 62 171 95th No
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3.3 Data Collection and Analysis

Body motion data are collected using an inertia MOCAP system, the Xsens MTN
Awinda, which consists of 17 IMUs, a wireless station receiver, motion track full
body Velcro straps (including shirts, headbands, footpads, and pairs of gloves), and
one segmometer. Figure 3 shows a participantwearing the inertia sensors. To estimate
body motions accurately, participants’ height, foot length, arm span, ankle height,
hip height andwidth, knee height, shoulder height andwidth, and shoe sole height are
inputted in the XsensMVNAnalyze 2020.0 software. The abovementionedMOCAP
system is calibrated for each participant prior to starting the experiment. To perform
this sensor-to-segment calibration, each participant is asked to stand in a known pose
(i.e., neutral pose) and to complete a known motion (i.e., walking back and forth in
a straight line). The calibration is only accepted if its estimated quality is indicated
as “good”, the highest level of calibration quality in the software. In addition to the
MOCAP system, video cameras are also used to record videos during the experiment
to assist in the event of inconsistent data from the sensors.

Once the research experiment is concluded, the raw data are extracted using the
software. The data contains information on 66 joint angles, including horizontal and
vertical axes, and its output frame rate is 60 Hz. After cleaning and analyzing the
data to check for inconsistencies, only information relevant to both REBA andRULA
methods is retrieved. During the data analysis, left and right sides, rotation, lateral
bending, twisting, and arm movements across the body midline or out of the body
line are identified and evaluated separately.

As mentioned in Sect. 2, ergonomic risk ratings are identified using REBA and
RULA, which are frequently applied in research studies as they accurately provide
a qualitative risk level based on a quantitative rating as follows: for RULA, 1–2 =
negligible, 3–4 = low, 5–6 = medium, and 6 + = very high [16]; while for REBA,

Fig. 3 Participant (ID 1)
with inertia MOCAP sensors
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1 = negligible, 2–3 = low, 4–7 = medium, 8–10 = high, and 11–15 = very high
[14]. REBA and RULA ratings, total risk rating and risk rating of each body segment
for a continuous operation process, are calculated based on the data retrieved from
the MOCAP system. Calculating the risk rating for each body segment facilitates a
complete and thorough analysis of the task and the identification of body segments
that are subjected to a high degree of physical demand, and, therefore, have a high
risk rating; this in turn aids in the identification of potential improvements to the
workstation designs under study.

4 Results

The results indicate that both design options need further investigation to determine
which design changes could be implemented to reduce ergonomic risks as per the
interpretation of both the RULA and REBA scores shown in Fig. 4. In general,
RULA scores ranging from 5 to 6 indicate that further investigation is needed, and
changes should be made soon, while a RULA score of 7 indicates that changes
should be implemented; REBA scores ranging from 4 to 7 indicate that the risk is
medium and that the workstation design should change soon, while REBA scores
ranging from 8 to 10 represent high risk and thus changes should be implemented.
With respect to Fig. 4, considering the percentage of median time that participants
spent in each risk range during the task, participants spent less time in a high-risk
range in Design B. This finding is also confirmed by verifying the average total risk
rating obtained by each participant in both design options. As noted in Fig. 5, the
average total risk rating for all participants in Design A is 7 and 8 for RULA and

 )edis thgir( ABER b )edis thgir( ALUR a

 )edis tfel( ABER d )edis tfel( ALUR c
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Fig. 4 Percentage of median time spent at each risk range during the task in design options (N =
4)
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Fig. 5 Total risk rating for a continuous operation process (N = 4)

REBA, respectively; while the average for Design B is 6 and 8 for RULA and REBA,
respectively.When analyzing the highest and lowest total ratings facedbyparticipants
during the continuous operation investigated herein, it is noted that the highest rating
is common to all participants according to RULA and REBA methods. However,
the same commonality is not found when analyzing the lowest rating, which varies
between participants and design options as shown in Fig. 5. With respect to right and
left sides of the body, the total RULA scores indicate that both sides of the body are
facing similar ergonomic risks (Fig. 4); while the REBA scores indicate that the right
side is most physically demanded; which is aligned with the fact that all participants
have the right hand as their dominant hand, and thus, the right side of the body is being
most used to perform the tasks. Figure 6 shows a participant performing different
tasks in the VR environment; as noted, a broader range of motions is performed by
the right side of his body in comparison to his left side.

When analyzing the average RULA rating of each body segment, it is found that
the risk on the neck and wrists, both right and left, is lower for all participants in

Fig. 6 Participant (ID 3) performing the different tasks in the VR environment
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Design B as observed in Fig. 7; for instance, no body segment obtained a rating of 3
in this design option. Moreover, it is noted that there is no inter-difference between
participants in Design B. On the other hand, in DesignA, it is found a inter-difference
between participants as some participants faced a rating of 3 in their trunk and upper
arms. Furthermore, in Design A, all participants obtained a rating of 3 for their necks
and wrists. This finding is aligned with the fact that Design B has a lower average
RULA risk rating in comparison to Design A. In terms of average REBA rating per
body segment, it is noted that the difference between the ratings obtained in each
design option is not as significant as those found in the RULA rating. This finding
was expected since both design options obtained the same average total REBA rating.
Based on the analysis per body segment, it is verified that extra attention should be
given to design parameters, such as the angle and the height of the working surface
area, that impact on the joint angles of the neck, trunk, and upper arms. This, in
turn, impacts on the total risk rating, particularly when using the RULA assessment
method which focuses primarily on risks imposed to the upper body.

In addition to the ergonomic risk assessment, the present study also determined the
time required to complete the task in both the simulated workstations, Design A and
Design B. As summarized in Fig. 8, the time required to finish the task varied from
1:47 to 2:25 (x̃ = 1:50; σ = 0.01) minutes in Design A and from 1:40 to 2:04 min
(x̃ = 1:43; σ = 0.01) in Design B. Therefore, it can be concluded that in Design
B the task is performed faster, and participants face lower ergonomic risks. Hence,
Design B is selected for further design development. Based on the ergonomic risk
assessment performed, it is recommended changes to bemade to the angle and height
of the work surface of Design B to reduce the risks imposed on workers’ trunks. In
addition, to address the risks imposed on workers’ wrist, it should be investigated

a Design A: RULA b Design B: RULA 
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Fig. 8 Time required to finish the task in both design options (N = 4)

other types of wireless compact drill driver or other equipment to attach the hardware
to the window frame.

5 Conclusion

This study explores the application of a VR-based simulation method that uses body
motion data collected by an inertiaMOCAP system to conduct ergonomic risk assess-
ment proactively during the design phase of a workstation. Based on the results of
the case study, it is determined that both design options require further investigation
and changes should be made to both design options to reduce their ergonomic risks.
However, between the two options, Design B is chosen for further design develop-
ment since this option has less ergonomic risks in the higher range in comparison to
Design A. In addition, the time required to complete the entire task in Design B is
shorter compared to Design A. Taking into consideration the results of the ergonomic
risk analysis per body segment, it is recommended that changes should be made to
the angle and/or height of the work surface to reduce the risks imposed on workers’
necks and trunks while performing the activities at the workstation under study. Once
Design B is modified, the method applied in this study can be re-applied to verify the
impact of the implemented changes on both REBA and RULA risk ratings. By doing
this assessment in a VR environment, speed and flexibility is added to the design
development phase, and iterationswith physical prototypes areminimized. The direc-
tions for future research are to compare the ergonomic risk assessment conducted
in this study to those of performed using physical prototypes of both design options
in order to verify the accuracy of the analysis performed, include the analysis of
joint angles to assess users’ body motions, and incorporate other ergonomic decision
factors such as reachability and vision analyses to conduct a thoughtful ergonomic
risk assessment during the design phases of workstation through a VR-based simu-
lation method. The fact that participants that engaged in the research experiment are
not workers that would potentially work in the investigated workstation is a limi-
tation of this study. Furthermore, although participants that engaged in this study
represent various percentiles of the population in the United States, this study was
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run with a small group of participants, which limits the generalization of its results;
this limitation will be addressed in the future as this study is developed.
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Factors Affecting Construction Safety
Performance in Saudi Arabia

M. S. Aldossary and A. A. Bubshait

1 Introduction

Construction safety is the focus of local and international authorities since it
contributes to providing a healthy work environment, retention of personnel, less
project interruption, company reputation and lower insurance costs (Mahdiyar et al.
2018). Unsafe construction practices might lead to project failure through project
interruption, decreased productivity, increased construction duration, legal claims
and disputes, low staff morale, or other consequences. Incidents due to poor safety
performance happen all the time; recorded incidents in Spain alone between 2003 and
2009 totaled 1,163,178 accidents [13]. Additionally, the quality of construction has
a positive correlation with safety, as poor safety performance would cause rework,
unstable work processes and demolition [21].

Construction safety has a crucial role in Saudi Arabia in supporting the National
Industrial Development and Logistics Program (NIDLP), which is intended to trans-
form the Kingdom into a pioneering industrial country [16]. Accordingly, high
construction safety performance is required to ensure successful program imple-
mentation. Low construction safety performance in Saudi Arabia has resulted in
various accidents, such as the Makkah crane catastrophic incident that led to 104
human fatalities and over 400 injuries, huge financial losses for the project, and
disputes for all parties involved [1].

Previous studies have demonstrated differences in the relative importance of
studied factors. It was observed that differences in importance are highly correlated
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with the location of the study. Moreover, studies conducted in Saudi Arabia ranging
from 1996 [10] to themore recent study in 2011 byAlHaadir and Panuwatwanich [9]
have considered work environment, project factors, practices, construction methods
that have been changed due to advancement in construction methods, technologies,
standards and enforcement measures. Consequently, knowledge of factors affecting
construction safety performance would contribute to mitigating hazards associated
with construction accidents.

2 Research Methodology

The research methodology followed to deliver the study objectives consisted of the
following phases.

• Performing literature review to gain in-depth understanding of construction safety
performance. This was to acquire a well-defined basis for investigating issues
related to the study topic. The literature review concluded with a list of 30
factors hindering construction safety performance, whichwere grouped into seven
categories based on their relevance.

• Holding expert interviews to discuss the literature review produced factors and
their applicability to construction safety.

• Development of questionnaire survey to assess factors identified in previous steps
in terms of frequency of occurrence and importance.

• Conducting pilot testing to validate the developed questionnaire survey prior to
its distribution with the advice of professionals. Pilot testing intended to check
for clarity and soundness of questions, adding additional factors hindering safety
performance and assessing time required to complete the survey.

• Distribution of pilot-tested questionnaire survey to a sample of 76 professionals
in the Eastern Province of Saudi Arabia.

• Analyzing data collected through utilizing Frequency Index (FI), Relative
Importance Index (RII) and Frequency Adjusted Importance Index (FAII).

• Ranking of factors in accordance with FAII.
• Determining factors ranking level of agreement among respondent classes which

were classified into three groups: owners, consultants and contractors.
• Drawing conclusion and recommendations.

3 Identification of Factors Affecting Construction Safety
Performance

Based on the literature review performed, expert interviews and pilot study, factors
were identified and then grouped into seven main categories that were related to
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Project, Personnel,Management, Safety EnforcementMeasures, Economy, Environ-
ment, and Other Factors. The categorization was in accordance with various levels of
construction safety enforcement measures. The categories consist of 30 sub-factors
comprised as follows (Table 1):

4 Data Analysis

4.1 Frequency Adjusted Importance Index

The frequency adjusted importance index (FAII) was employed in this study to
generate an improved ranking of results through integrating the effects of importance
and frequency in Eq. 1 [8]:

FrequencyAdjusted Importance Index(FAII) = (RII) (%)∗(FI) (%) (1)

where

(RII)(%) =
∑

W(importance)

A*N
)*100) (2)

(FI)(%) =
(∑

W(frequency)

A*N

)

*100) (3)

where
W: weight assigned to each factor by participants (1–5), A: maximum weight of

the study was 5, and N: total number of participants.

4.2 Computation of Correlation Coefficient Among Ranks

The correlation coefficients among ranks were computed to evaluate the level of
agreement between the classes of respondents, which were owners, consultants, and
contractors. The computation was generated through Eq. 4 [7].

p = 1 − 6
∑

D2

n
(
n2 − 1

) (4)

where
“p: Coefficient of correlation ranking order”, “

∑
D2: Sum of the squared vari-

ances in the ranking of the paired values”, “N: Number of classes for which the
ranking was computed”.
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Table 1 Identified factors affecting construction safety performance

Category Factor References

Project factors Size of project [5, 17–18]

Complexity of project [5, 18, 24]

Project working schedule [8, 15, 17, 22]

Incompetency of project
information

[4, 8, 12, 15, 17, 19, 24]

Personnel factors Age of personnel [5, 11–12, 18–19]

Level of experience [4–5, 8, 11–12, 18–19, 22, 24]

Safety behavior [9, 12, 15, 19, 22–23]

Management factors Quantity of safety personnel [1, 4–6, 9, 18, 22–24]

Management support,
involvement and
commitment

[2, 4–6, 8–9, 11, 14–15, 18–19, 22, 24]

Availability and
implementation of codes,
standards and guidelines

[4, 11, 18, 22, 24]

Lack of effective
communication

[6, 9–12, 14, 18, 22–23]

Application of safety
punishment and reward

[5, 8, 10–11, 18–19]

Lack of clear responsibility
and delegation to staff

[5, 9–11, 18–19, 22]

Inadequate assignment of
teams size

[6, 17–18]

Authority and competency
of supervisor

[6, 18–19, 22]

Absence of effective
accident management

[2, 4–6, 8, 10, 11, 15, 18, 24]

Safety enforcement
measures

Lack of safety monitoring
and inspections

[2, 4–6, 8, 10–11, 18 24]

Holding safety meetings [5–6, 8–11, 15, 18, 22–23]

Adoption of safety
incentives

[2, 6, 8, 11, 15, 19, 23]

Insufficient safety training
and education

[2, 4–6, 8–9, 10–11, 15, 18–19, 22–23]

Level of safety awareness
and knowledge

[4, 6, 8, 10–11, 18, 22–24]

Economic factors Investment in safety [4–5, 8, 15, 23, 24]

Investment in personal
protective equipment

[4–5, 8, 10, 15, 24]

Financial constraints [4, 15, 18, 24]

(continued)
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Table 1 (continued)

Category Factor References

Environmental factors Weather conditions [4, 8, 12, 20, 22, 24]

Maintaining safe work
environment

[3, 4, 10]

Implementation of effective
housekeeping and
maintenance

[8, 10 17–19]

Other factors Selection and management
of contractors and/or
sub-contractors

[4, 8, 10, 11, 23]

Safety equipment/tools
procurement and
maintenance

[4, 5, 8, 10, 15, 24]

5 Results and Discussion

5.1 Respondents’ Characteristics

The respondents had widely distributed professional backgrounds: 20% were
Architectural/Building Engineers, 20% responded as Mechanical Engineers, 25%
responded as Electrical Engineers, 18% were Civil Engineers and lastly 17%
responded that they had other professional backgrounds.

Years of experience indicated that 26% of respondents had 5 to 10 years of profes-
sional experience, 61% had five or fewer years of professional experience, 8% had
more than 20 years of experience and the remaining 5% had experience ranging
between 11 and 20 years.

The participants were classified as: “Owner”, “Contractor” or “Consultant”. The
results showed that 43% of respondents were categorized as owners, 32% of respon-
dents were working in the contracting sector, and the remaining 32% were in
consultancy.

5.2 Factor Assessment

The results of respondent assessment of factors affecting construction safety perfor-
mance in terms of frequency of occurrence (FI), importance (RII) and frequency
adjusted importance (FAII) are presented in Table 2. The results presented are for
each class identified, i.e., owners, contractors, and consultants, including an overall
assessment of all classes involved.
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Table 2 demonstrates detailed assessment of the factors, as perceived by profes-
sional practitioners grouped into owners, contractors, and consultants.Overall assess-
ment of the factors indicated that the factors with the highest impact were “care for
safety”, “safety behavior”, “maintaining safe work environment”, “size of project”
and “availability and implementation of codes, standards and guidelines”. Factor
ranking was in accordance with the frequency adjusted importance index (FAII).

5.3 Rank Importance Correlation

The importance correlation among ranks was computed to measure the level of
agreement for each class involved. The results concluded with a correlation coeffi-
cient of 0.69 among “Owners and Contractors”, 0.54 among “Owners and Consul-
tants”, and 0.40 among “Contractors and Consultants”. As all correlation coefficient
values among ranks were positive, this implies that all the stakeholders involved in
the questionnaire survey are in agreement on the significance and frequency of the
factors.

6 Conclusion and Recommendations

The investigation of factors affecting construction safety performancewas based on a
literature review, experts’ interviews, and pilot study, from which factors were iden-
tified and then grouped into seven major categories, namely, “Project Factors”, “Per-
sonnel Factors”, “Management Factors”, “Safety Enforcement Measures”, “Eco-
nomic Factors”, “Environment Factors”, and “Other Factors”. The categories were
comprised of 30 sub-factors. A questionnaire survey was distributed to 76 profes-
sionals, each of whom were classified as “Owner”, “Consultant” or “Contractor”
based on their work function. The “care for safety” factor was rated highest among
all the factors, with almost 60% on the frequency adjusted importance index (FAII),
and “safety behavior” rated second with 59% on the FAII.

The study concludes with the following recommendations:
Safety professionals must be self-motivated in their safety practices as the “care

for safety” factor was highest ranked among the factors identified.
The list of factors identifiedprovides a clear viewof themain causes of deficiencies

in safety performance, which safety professionals may utilize in improving safety
performance levels through eradicating or mitigating risk factors.

A list of factors affecting construction safety performance in Saudi Arabia has
the potential to help the government and engineering council in developing safety
improvement plans and measures.
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Exploring Potential Building Materials
for Planet Mars

Ziad Abdeen, Kareem ElDaba, Reem Gamal, Zenah Helmy, Gehad Ibrahim,
Omar Sawan, and Mohamed Nagib AbouZeid

1 Introduction

We, the human species, are pioneers and explorers who had first conquered land then
seas and skies. The next logical step in our quest for expansion is to look farther
away than our own planet and search the cosmos for possible homes to house us
in case we need shelter from extraordinary events that might ensue us. Economic
interest also arises when talk of interplanetary travel is the subject at hand because
planets have a pricelesswide array of untouched resources (Orwig, para 3).Numerous
hazards, however, exist on the red planet that must be thought about before this leap
is taken. Galactic cosmic rays, lack of water in liquid form, toxic soil and ice, and
cold temperatures are some of these challenges.
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National agencies and private enterprises have, both, shown great interest in colo-
nizing planet Mars. NASA, SpaceX, and Blue Origin are some of these agencies
working on establishing colonies on Mars. SpaceX has a plan to establish a colony
of 1 million people living on mars in the next 50–100 years. The first humans to
reach the red planet by SpaceX’s timeframe will do so in 2024 (Wall, para 5). NASA
has a more conservative time frame of 2030. Establishing colonies on Mars will
require a great feat, to say the least, of aeronautical engineering but also innovative
solutions of constructing shelter using methods and materials that are both practical
and feasible. Materials have to offer the protection needed from the aforementioned
hazards while maintaining practicality of execution.

The objective of this report is, therefore, to explore the buildingmaterials available
on planet Mars and studying ways of utilizing them in shelters along with feasibility
analyses to come up with a complete proposal of shelter that can be built on the red
planet for use as shelter in the near future. The primary building material on Earth is
concretewhichmakes use of aggregate that is part of our planet itself. The casewill be
similar on planetMars but the absence ofwatermakes it impractical to use cement as a
binding agent.Mars is rich in Sulphur, however,whichwhenmelted is a binding agent
in of itself. The melting point of Sulphur is 115 degrees Celsius which is reasonable
to reach and maintain. Martian concrete made up of simulated Martian regolith and
molten Sulphur was mixed in ratios of 2:3, 3:2, 1:1 aggregate to Sulphur ratios and
tested for compression and flexure by ASTM standards. Alternative materials are
also discussed and assessed based on practicality and feasibility.

2 Literature Review

According to journals and findings, when comparing between sulfur concrete and
Martian concrete through various tests such as sieve analysis, microscope studies,
and X-ray photoelectron spectroscopy analysis, it was evident that Martian concrete
has a higher compressive strength of above 50 MPa and has also a higher strength
in other properties due to its particle size distribution and formation of sulfates and
polysulfides. Furthermore, several sulfate mixes were provided by several journals
incorporating a Kuwaiti journal stating that Kuwait is one of the largest producers
of sulfur producing 0.9 million tons/year which can aid in simulants.

Research also conveyed that Martian simulant can be formed from volcanic glass
with a mix of basalt. A simulant with the same chemical, mineralogical, and phys-
ical properties as Martian regolith was made from a combination of volcanic glass
collected from two banks in New Zealand in addition to blending of basalts.

Other findings also proposed several concepts which incorporate:

• Production of steel Mars

Mars is an ore-grade hematite. Thus, it has large portions of metallic iron
available so without the energy-intensive process of reduction, the production
of steel on Mars can be much easier and less energy intensive than on Earth.
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• Design concepts:

Stationary andmobile- built on-surface, or within lava tubes that can withstand
hard and unique Martian conditions.

According to several findings, there are materials available on Mars that could be
used for construction. These materials could be categorized into metals and regolith.
Regarding the metallic materials, metals such as magnesium, aluminum, iron and
titanium could be mined on planet Mars, but they require a lot of energy to melt
and mold, as well as being very expensive to process. Regolith, on the other hand,
is abundant on Mars and cheaper. Cast regolith, Martian concrete and duricrete are
potential by-products of the regolith found on the red planet. Cast regolith consists
of melting Martian soil and shaping it into the structural components needed for
construction, such as beams or columns. However, Martian concrete is very similar
to sulfur concrete and requires little energy for production. Martian concrete is a
concrete mix that consists of molten sulfur and Martian soil with a gradation that
is lower than 1 mm. The binding reagent in the concrete mix is the molten sulfur.
Through research, Martian concrete is believed to have a compressive strength of
50 MPa, making it suitable for large structures due to its high compressive strength.
Whereas duricrete is the mixture of regolith and a relative weight of 3% water, that
is hydraulically pressed and shaped into bricks. Duricrete is a building material on
Mars that is comparable to masonry bricks on Earth. They could be used for inner
walls of a structure or any structural component that does not experience high loads
due to its low compressive strength of 5 MPa.

3 Objective and Scope

In this research, the main objective was to investigate and select an adequate building
material to be potentially used for building on planet Mars in a feasible manner. This
objective was obtained through evaluating several building materials on Earth that
can be suitable for planet Mars which includes Martian Concrete, Duricrete and
Aluminum as well as exploring construction methods and the feasibility of Martian
building in light of various parameters such as weather and gravity, etc.…

4 Experimental Work

4.1 Material Properties

1. Martian Soil will be simulated with Basalt as it has been proven to have
somewhat similar chemical and elemental composition as the Basalt.

2. Pure Sulfur is also used in the mix.
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Fig. 1 Mix ratios versus compressive strengths

Martian Concrete:
The highest compressive strengthwas achieved by the 1:1mix resulting in 22MPa.

Although the cube of 1:1 mix was poured incorrectly and the other two mixes were
poured correctly, the 1:1 mix was still the highest compressive strength. Before
applying the mix, molds, spoons and aggregates should be heated with the same
applied temperature to the molten sulfur. Moreover, molds should be greased as well
as the mix should be poured continuously to avoid voids occurrence in the cube
(Fig. 1).

Basalt EDX:

5 Results and Analysis

5.1 Construction Methods

Construction on Mars and even other remote places here on Earth has always been a
challenge. The conventional method of construction for concrete requires the use of
heavy machinery to transport the required equipment first and then use conven-
tional formwork and concreting techniques. This approach will not be ideal in
establishing humans’ first Martian colony because it will be extremely expensive
and hazardous to human labor. The lack of shelter on Mars entices the finding of
innovative construction methods that can be deployed before humans reach their
destination.

5.1.1 3D Printing and Contour Crafting

3D printing used in construction applications is known by contour crafting. Contour
crafting has real potential for use on Mars and even remote places here on Earth
because it does not require the use of neither formwork nor the ordinarily used
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quantity of labor in construction. This approach is mostly autonomous requiring
only the use of pre-programmed printers that move in 3D space to print structures in
layers. The currently functional uses of this process, however, requires the erection of
large frames on which the printing nozzles will move. In our case, the transportation
of these frames and their assembly will be very difficult due to their size and level
of intricacy they have to be designed on. The use of these frames will also mean that
once one structure is finalized, the frames used to construct it will not be able to work
on another because they need to be reassembled and moved.

To tackle this issue, the NASA Innovative Advanced Concepts (NIAC) program
has proposed a concept to adopt contour crafting using existing robotics and material
processing technology. This idea proposes the use of rovers that are equipped with
3D printers and material processing parts. The method such robots will function
will be by shoveling sieved regolith and using it by employing a nozzle system that
would hot mix it with Sulphur and print it in pre-programmed details to construct the
required structure. The flowability and workability of the concrete mix will definitely
play a big role here because it has to flow seamlessly through the nozzle. Our concrete
mix of maximum aggregate size of 1 mm will be very handy here because the small
aggregate size is suitable for this application.

5.1.2 Proposed Construction Method

NASA has hosted a competition which had a goal of designing 3D printed habi-
tats for planet Mars. The use of materials in the competition was not restricted to
Martian concrete or regolith. The competition’s winner, SEArch/Clouds Architec-
ture Office, proposed to build housing units using 3D printed ice because it already
exists in the Martian crust and also enclosing the house in an ultra-high-molecular-
weight-polyethylene (UHMWPE)wrapping layer. TheUHMWPE layer will provide
protection against Mars’s dust storms and weather irregularities while the ice will
provide adequate protection against radiation (Garner 2017).Another team,A.R.C.H,
proposed the use ofMartian concrete, whichwe have tested to build a “Donut House”
which as the name entails is shaped like a hollow circle which is divided into sections.
The sections can be closed off in case of accidents and put out of commission while
still granting access to the rest of the structure using its circular shape.

Our team proposes an integrated habitat model Integrating both SEArch/Clouds
Architecture office’s and A.R.C.H’s solutions. Our structure concept is of a “Donut
House’ enveloped by a UHMWPE layer and an ice layer to provide maximum
protection and also to utilize Martian concrete which we view as the most suitable
building material for planet Mars. The sequential conceptual method of construction
we propose is as follows:

1. Payload arrives and air from landing thrusters clears site.
2. WaSiBo, the ICE home’s sintering concept robot, is deployed and collects

regolith and laser sinters it into a foundation.
3. UHMWPE membrane inflates and forms the outer boundary of structure.
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4. iBo, the 3D printing rover, is released and specialized units harvest ice for
Insulation and regolith and Sulphur for the main shell.

5. iBo prints the insulating ice layer.
6. Specialized iBo units 3D print main shell and interior walls.
7. Crew arrives and moves in.

5.2 Feasibility

While this work is mainly focused on the construction aspects, other vital aspects
need to be closely looked upon because they are quite vital for the success of the
project. Feasibility is definitely an aspect that should be discussed as building on
mars is no simple matter and requires responding to a variety of questions that will
eventually come up before tackling the question of building on Mars. While this
is a farfetched idea, it will indefinitely come into the picture in the near future. It
must be noted; however, that technology continuously advances and prices change
as time goes on so the prices listed here are tentative and only serve as a benchmark
for further investigations and inquiry. The questions that need to be answered are
divided into 3 categories.

• Launching into space
• Establishing a human colony on Mars
• Surviving on Mars

Launching into Space:
It is without a doubt that humanity cannot bring with it building materials like

cement or steel to Mars due to the fact that these items will not only take space and
weight on the space shuttle that can be better utilized for other essentials, but also
inflate the costs of going to Mars to unfeasible amounts. Rockets have weight limits,
for example, Falcon 9, from Space X, costs $62 Million USD and can only carry 4
tons while the Falcon Heavy costs $90Million USD and can carry 16.8 tons which is
a significant improvement; however, assuming 12 people going to Mars would need
food and water for 2 years stands around 25 tons of food and water (SpaceX)(Brain).
Neither the Falcon Heavy nor the Falcon 9 have that sort of capacity; however, the
Starship does. The Starship can handle 100 + tons at a cost of $10 Billion USD,
which means $100Million USD per ton including development and equipment costs
(Davis, 3). It is important to note that without development costs, the starship launch
cost is anticipated to be $2 Million USD (SpaceX).

Establishing a Human Colony on Mars:
When it comes to establishing a human colony on Mars, the survivability of the

humans relies on howwell the infrastructure can protect them from the harsh weather
conditions, and radiation conditions onMars. Humanity cannot bring building mate-
rials with it from Earth that will protect it from these harsh conditions, but it can
bring with it equipment which can help it build a permanent home on Mars from the
materials which exist on Mars, so humanity is only limited by how much equipment
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it is capable of transporting from Earth. The building materials chosen: 1. Duri-
crete 2. Martian Concrete 3. Aluminum Alloys (5083 & 6061) are quite capable of
protecting the humans from the harsh conditions onMars. The equipment availability
for making these building materials will be discussed later on in this paper.

Surviving on Mars:
Moving on to surviving on Mars, humanity will require food, energy, water, and

oxygen. Food can be produced using bioengineered plants & Aquaponic controlled
environments (Llorente). Energy can be obtained from small scale nuclear fuel cores
from NuScale which costs around $250 Million USD or from Solar Energy or from
CO2 combined with Hydrogen to produce Methane and Water (Black)(Dunbar).
Water can be drilled, melted, and filtered for any use while oxygen can be produced
through the electrolysis of water (Dunbar). The Zero Liquid Discharge treatment
system for water costs $3 Million USD, but can produce 30 gallons per minute
(SAMCO).

Feasibility of Chosen Building Materials:
When it comes to transporting the equipment needed to build on Mars. Duricrete

needs a hydraulic press to make the bricks and this can be easily automated to make a
quick and fast buildingmaterialwith just feeding in the soil,water, and energy. Instron
5582 compactor costs $36,000 USD along with the automatic sieving machine and
oven both $5,000 USD each. The prices of all these machines are available on Ebay.
With automation, this process will be effortless. UR16, $45,000 USD, biggest of all
universal robots helper hands can help significantly (Universal Robots). There are
also bigger industrial robots that range from $100 to $150 thousand USD for heavier,
more industrial work (RobotWorx). For Martian Concrete, Robotic Arm 3D printers
like the ones fromMARSHA and Stratasys reduces the labor of building by 90%, and
is extremely feasible in construction on Mars (AI Spacefactory). The costs of such
a machine being built to work on Mars are unknown but the project has proven its
success on Earth (AI Spacefactory). Without the 3D printing arm, what is needed is
a kiln, an automatic sieving machine, and regular 3D printer to form the construction
molds needed to pour into. Again this can be easily automated using the U16 robot,
thatweighs 36kg and can carry 16kg, or a heavier industrial robot (UniversalRobots).
Aluminum; however, is feasible but after a colony has already been established with
multiple shuttles carrying various equipment have been delivered due to the lengthy
process of making Aluminum from bauxite. Aluminum made from bauxite requires
2 equipment and energy intensive processes, the Bayer process and the Hall Heroult
process, both of which are unfeasible to transport to Mars for now (Carlson) (Table
2).

The recommendations of each aspect discussed in this section is in Table 1 along
with their cost. Such cost accounts for aminimum of 2 years’ worth of nuclear energy
as one core can produce 50 megawatts and the fuel can last for 2 years, and since this
fuel cannot be renewed on Mars then it is needed to send to Mars more nuclear fuel
as time passes on (Cunningham)(Modern Power Systems). Solar Panels can also be
used; however, they are deemed unreliable due to the dust storms and dust devils
that regularly occur on Mars and can block sunlight planet wide for months at a time
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Table 1 EDX results of used basalt

Element (keV) Mass
%

Counts Sigma Atom
%

Compound Mass
%

Cation K

C K 0.277 1.47 100.0 0.10 2.97 3.1932

O K 0.525 30.13 5307.56 0.48 45.67 1.2344

Na K 1.041 2.15 492.90 0.16 2.27 0.9497

Mg K 1.253 2.48 581.55 0.18 2.47 0.9256

Al K 1.486 9.71 2165.39 0.35 8.73 0.9754

Si K 1.739 29.28 6367.20 0.61 25.28 1.0000

Ca K (Ref.) 3.690 10.77 1387.28 0.46 6.52 1.6876

Fe K 6.398 14.02 803.73 0.75 6.09 3.7930

Total 100.0 100.0

Thin Film Standardless. Standardless Quantitative Analysis.
Fitting Coefficient: 0.0696.

(Black). Enough time for the astronauts to lose heat energy and suffer in the cold
winters of Mars. The recommendation for food and oxygen are unknown due to the
fact that biologically engineered plants are still being tested, and a question of size
relates to the price of aquaponic controlled environments; however, these systems are
not costly and are thus negligible in the grand scheme of prices. The total price tag
is 10,253,806,000 USD but to account for any changes or special modifications for
the equipment for usage in space then it is safe to round up to 10.260 Billion USD.
It is important to note that these costs are tentative and can be reduced or increased
and justified with the advancement of technology, especially rocket science, as well
as scheduled human missions to Mars; furthermore, this total cost accounts for the
first mission to Mars as missions after the first mission will not require as many
equipment, development costs, and will most likely reuse or recycle much of the
equipment already brought on by the first mission.

5.3 Factors Affecting Living on Mars

Availability:
As previously mentioned, Martian concrete and Duricrete are both adequate

building materials that could be potentially used for building on planet Mars in
a feasible manner. Both Martian concrete and Duricrete are excessively available.
Martian concrete is a mix of Martian soil and sulfur which is abundant on Mars.
Duricrete consists of Martian soil and three percent of water which is also abundant
on Mars. Waste water from humans can be used in forming Duricrete. In addition,
there are tons of water in the polar ice caps. It is 1000 km across and contains
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Table 2 Total cost of
sending 12 astronauts to mars

Item Estimated price

Starship $10 Billion USD

NuScale (Nuclear reactor) $250 Million USD

Food and oxygen Negligible

Instron 5582 compactor $36,000 USD

Zero liquid discharge
treatment system (30 GPM)

$3 Million USD

Industrial robots (Price per 1
Robot)

$150,000 USD (Multiply by 2)

3D Printing robotic arms Unknown price tag (Assume
$300,000 × 2)

Automatic sieving machine +
ovens (2 of Each)

$20,000 USD

Total price tag $10,260,000,000 USD
(Rounded up)

approximately 1.6 million cubic km of ice (IAA-CSIC,11). Melting the ice can be
done through two simple methods:

1. First Method:

a. Compress carbon dioxide gas, which is the most abundant element in the
Martian atmosphere.

b. Pass the gas over Martian regolith
c. Carbon dioxide will then dissolve some of the water confined in the soil
d. As the gas expands, it releases clean water that can be collected and stored.

2. Second Method:

a. Ion Exchange:
i. Collect saturated soil
ii. Heat it to 500 °C
iii. Collect the steam and condense it into pure desalinated water

Perchlorate:
Another factor affecting living on mars is perchlorate. Since Martian concrete

only includes 0.5–1% perchlorate, ion exchange will be used for water treatment.
On the other side, since duricrete has a high percentage of perchlorate due to its
existence of water, reverse osmosis will be used. It is a common method used on
Earth which involves a thin plastic membrane which has holes in it as shown in the
figure below. This thin plastic membrane is small enough to let the unnecessary out
but large enough to let water through [1] (Fig. 2)

The figure below shows several perchlorate treatments and their costs. Since
perchlorate on Mars exists in low concentrations, ion exchange and reverse osmosis
are the two applicable treatments to be applied. Biologics were eliminated because it
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Fig. 2 Reverse osmosis
http://marsforthemany.com/
project/living-on-mars/mak
ing-clean-water-on-mars/

would require utilizing bacteria to get rid of the perchlorates. However, introducing
bacteria to Mars does not abide by the vision of keeping Mars as pristine as possible.
The costs of both treatments, whether ion exchange or reverse osmosis, may not
be cheap on Earth but are actually affordable compared to the budget devoted for
building on planet mars. Of course, these treatments are done on Earth and not
exactly in the same Martian conditions but they seem to be promising. Besides this,
perchlorate can be reusable since igniting it can act as a rocket fuel which can produce
another source of energy and allow us to be self-sufficient on mars (Fig. 3).

Psychology and Health Conditions:
There are many psychological and health challenges the crew destined for Mars

that must be overcome:

Radiation:
The donut ice house is designed to withstand intense radiation and massive daily

temperature changes, while providing a pressurized environment inside for humans
to inhabit over a prolonged period of time. Radiation on Mars is 5000 times more
than on Earth, however, the Donut Ice House will have a thick outer layer of ice
which would protect the interior from radiation. Most materials that block radiation
are opaque whichmakes any home dark, impacting one’s psychology. However, with
a thick outer layer of ice in the applicable structure, there will be no need for opaque.

Fig. 3 Perchlorate treatments

http://marsforthemany.com/project/living-on-mars/making-clean-water-on-mars/
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Gravity:
Training programs to adapt and enhance the ability to detect relevant sensory input

are being investigated by NASA to mitigate balance control issues.

Isolation and Confinement:
The use of underground structures will be avoided. Furthermore, the membrane

around the donut ice house will be transparent to allow light in the building and thus
prevent the feeling of isolation and confinement. In addition, methods for monitoring
behavioral health and adapting several tools and technologies are evolving to detect
and treat early risk factors. Furthermore, research is being conducted in:

• Workload and performance
• Light therapy for circadian alignment
• Phase shifting and alertness.

Distance:
Planning in advance and self-sufficiency would be critical keys to a successful

Martian Mission.

6 Limitations and Obstacles

Limitations:
Several limitations arose during the experimental works conducted throughout

the research. Firstly, none of the literature reviews stated how they had conducted
their experiments. Therefore, it was necessary to conduct several trials to perfect the
mixingmethod between themolten sulfur and the aggregates to ensure that themolten
sulfur does not harden before the mixing is completed and ensure a continuous pour
of the concrete to avoid any voids in the samples. Moreover, the fumes that were
present as a result of melting the sulfur were hazardous. This limited our working
hours in the lab because we had to conduct our experiments during times where the
lab was empty because we did not have enough masks to give out to other students
or professors that could have been present in the lab at the same time. Consequently,
we were confined by the working hours of the lab. Finally, the process of crushing
and sieving the aggregates to get the gradations we needed was time-consuming
because we used the L.A Abrasion testing machine to crush the aggregates; so we
were limited to the amount of aggregates that could be crushed in one cycle.

Obstacles:
Due to the complexity of the topic, there is a scarcity in the data information

available for building on Mars because the issue deals with much more than the
conventional building materials and methods that are used on Earth. Furthermore,
there was the limitation and difficulty of obtaining adequate materials for testing
that would possess similar chemical and physical compositions of Martian soil. In
addition to obtaining adequate materials, simulating all the Martian conditions was
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not possible as we did not have all the experimental machines we needed; therefore,
we had to narrow down the conditions that were to be simulated. Finally, due to the
restricted time, a huge obstacle that we have faced was to narrow down and conduct
a rational comparison between the materials to analyze their feasibility and select
the material accordingly.

7 Conclusion

Basalt has similar chemical composition to Martian Soil. Secondly, the 1:1 sulfur
to basalt mix resulted in the highest compressive strength. Moreover, treatment of
perchlorate inMartian soil andwater is promising.Also, of thematerials investigated,
Martian concrete and Duricrete are two feasible building materials for use on Mars
as they also exist in abundance. Furthermore, a specially modified 3-D printing is
a promising method for construction on extraterrestrial bodies. Last but not least,
the cost estimate for building a colony on Mars is $120 billion, such cost can be
reduced and justifiedwith the advancement of technology aswell as scheduled human
missions to Mars. Martian concrete is a selected option amongst various options as it
appeared to be one of the most feasible materials to be used potentially as a building
material on planet Mars, moreover, duricrete can be considered as a second option
as a building material. Due to duricrete’s lower strength than Martian concrete, as
well as its ease in the construction process, it is considered to be a second option as
a building material for other purposes such as interior walls. Aluminum requires a
huge source of energy in order to be produced and constructed and its process is not
easy, which leaves us with Martian concrete as the selected first option.

8 Recommendations

The experimental work suggested in this study needs to be expanded upon using
other materials, dosages and techniques. Also, many of the tests tackled in this
study need to be repeated under conditions as close as possible similar to the ones
existing on planet Mars. In addition, prepared basalt should be available to ease the
gradation process. And most importantly, in order to achieve fair comparison and
high compressive strength for different mixes, the following precautions should be
taken into consideration, continuous method of pouring the mix, prior heating of the
equipment and the materials and greasing the molds. Also, tackle future work with
an integrated team, comprising engineers, scientists and other human resources to
consider all other factors including psychological, health, long term exposure and
living conditions on planet Mars. Not only to continuously update the tentative cost
as technology advances but also to design and build prototypes of the 3D printing
robots and test their functionality in Martian conditions. Furthermore, carry out a
thorough structural analysis contour crafting withMartian concrete in order to obtain
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an adequate design for building onMars. finally, perform further testing while taking
other vital parameters such as radiation, temperature variations, change in gravity,
etc.…
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Sensing and Data Collection Methods
for Occupant-Centric Building Control:
A Critical Review of State of the Art

H. Karimian, M. Ouf, N. Cotrufo, and J. Venne

1 Introduction

Occupants spend approximately 90% of their time in buildings, living and working
[4]. Therefore, understanding the dynamic and diverse occupant comfort needs as
well as occupant interactions with building systems is crucial. Building design
and operations must meet energy performance goals while providing healthy and
productive living and working environments. At the same time, occupants influ-
ence building performance, while buildings influence their comfort levels. Occupant
actions such as adjusting a thermostat, switching lights on/off, using appliances,
opening/closing windows, pulling window blinds up/down, and moving between
spaces can significantly impact both energy use and occupant comfort [26].

Over the past years, there has been widespread adoption of various approaches to
increase energy efficiency and occupants’ comfort in buildings. Among those, due
to the improvements in sensing infrastructure and data mining, Occupant-Centric
building Control (OCC) has been introduced. OCC is a novel approach for indoor
climate control which aims to deliver building services only when and where they
are needed, in the amount that they are needed. Many researchers suggested that
OCC can achieve considerable energy savings up to 60% [40]. However, obtaining
occupants’ data and preferences is typically challenging because of their dynamic
and unpredicted behaviors. As a result, inaccurate assumptions are usually being used
in building operations, which often leads to wasteful energy use (e.g., heating empty
spaces, or providing ventilation rates that exceed indoor air quality requirements) [37]
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or may trigger occupant discomfort. Most data collection techniques, especially for
human-building interactions can only be utilized after occupants have entered the
buildings (post-occupancy phase). Furthermore, adequate sampling of occupants’
behavioral data requires extensive time and resources. However, other approaches
relying on building simulations have been investigated to address this issue [38]. In
such case, samples size, location, and the duration of the sampling process can be
easily varied to represent a wider range of scenarios.

Figure 1 demonstrates an overview of the OCC approach, in which occupant
information (e.g., presence, count, and interactions with building systems) and
indoor/outdoor environmental parameters (e.g., temperature, humidity, and CO2
concentration) are detected and transferred as a feedback signal to the control system.
Control algorithms find optimal setpoints for zone parameters (e.g., temperature, illu-
minance, ventilation), accounting for occupant comfort models and feedback, then
implementing the chosen control action [1]. To this end, the aim of this paper is
to provide an overview of the approaches used in sensing and acquisition of occu-
pants’ behavior and preferences to develop OCC for buildings with the dual goal
of reducing energy consumption in buildings while improving occupant comfort. In
the following sections, different data collection requirements and methods will be
compared to understand the research gaps, and to provide a future research roadmap.

Indoor and outdoor 
environmental condi�ons

Occupant-centric 
control algorithm

Human-building 
interac�ons

Zone-level systems

Fig. 1 Overview of OCC approach
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2 Review Method

The publication list was selected by searching with the relevant keywords
(e.g., Occupant-centric control, Occupants’ data, Occupants’ sensing, Occupants’
behavior, and Occupants’ preferences) in both general data bases (e.g., Google
Scholars, ScienceDirect), and topic-specific journals (e.g., Building Performance
Simulation, Energy and Building, Building and Environment). Papers that did not fit
our specific purpose (i.e., occupants’ data collection and sensing approaches used in
OCC research) were excluded, which resulted in a total of 87 publications. Firstly, the
bibliographical information of the papers was analyzed, and then the data acquisition
requirements and techniques/tools were investigated in more depth.

The gathered publications were analyzed with regards to their year of publication,
building type, and monitored duration. As shown in Table 1, approximately 70% of
the papers were published in the last four years (2016-present), which highlights the
growing interest in this topic. A breakdown of the identified publications by building
type is then provided. In more than half of previous studies, occupants’ data were
collected in office buildings. Academic buildings were the second most frequent. In
Table 1, a breakdown of the monitored duration in identified OCC studies is also
illustrated. The monitoring duration of OCC studies was limited to 2 months in more
than 70% of the identified studies. Furthermore, the geographical distribution of
identified OCC studies suggests the majority were in the United States and Canada.

Another aspect was analyzing the occurrence of each keyword in total, which
were done with the aid of a text-mining tool. Paper titles and keywords were text-
mined to investigate the total number of occurrences of each keyword. Figure 2
depicts the top keywords with the highest number of occurrences. As it is expected
when considering publications on OCC topic, the keywords “Occupant”, “Data” and
“Collection” had the maximum numbers of occurrence, and are presented in light
yellow. Subsequently, high occurrences of several words such as “adaptive”, “intelli-
gent”, “learning”, “algorithm”, and “virtual” clearly suggests that the direction of the
academic research inOCCwould bemostly focused on automation and digitalization
of data collection approaches. Other keywords with high probability of occurrences
can be observed below as well with the color strength representing their frequency

Table 1 Bibliographical information of the analyzed papers

Year of
publication

Percentage of
papers (%)

Building type Percentage of
papers (%)

Monitored
duration

Percentage of
papers (%)

2016–2020 70.3 Office 55.6 Less than a
week

20.2

2012–2016 18.85 Academic 16.7 1 month 9.8

2008–2012 6.75 Residential 11.1 2 months 41

Before
2008

4.1 Commercial/other 16.6 More than
2 months

29
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Fig. 2 Occurrence of keywords

of occurrence. Moreover, the proximity of the words to each other indicates that they
were used together more often.

3 Review Results

3.1 Identification of Data Collection Approaches

In this section, the papers were analyzed based on two criteria, namely (1) Data
collection requirements of OCCs, which just focuses on the type of information
needed for OCC research, and (2) Methods/tools used for data collection in OCC
research. Both sections have three similar sub-categories pertaining to each criterion,
namely 1—Occupants interactions with building systems, 2—Indoor/outdoor envi-
ronment: (to identify triggers of occupant interactions), 3—Occupants preferences.
Figure 3 shows an overview of different categories analyzed in this section.
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Fig. 3 Occupants’ data collection during OCC

3.1.1 Data Collection Requirements for OCCs

In OCC research, it is necessary to obtain information about occupants’ interac-
tions with building systems (e.g., thermostats, light switches, and windows/blinds)
and occupants’ preferences (e.g., occupants’ comfort level). Moreover, triggers
of occupant interactions based on indoor and/or outdoor environmental parame-
ters are needed. For instance, [9, 39] identified environmental conditions (e.g.,
indoor/outdoor temperature and relative humidity) at which occupants’ interac-
tions with building systems take place (e.g., thermostats presses, windows/blinds
opening/closing, etc.). In Table 2, the different categories of data collection
requirements are summarized.

3.1.2 Data Collection Methods/tools for OCCs

Many researchers utilized indoor and/or outdoor environmental measurements to
identify triggers of occupants’ interactionwith building. Collecting this data typically
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Table 2 Categories of data collection requirements

Data type Description Example

Indoor/outdoor
environment

Triggers of occupant interactions Indoor/outdoor
temperature

Illuminance

RH

Sounds/noises

Air velocity/circulation

Solar radiation

Smell

visual view

Occupants
interactions

Action Occupancy

Thermostat adjustment

Window status
(on/off/stage)

Blind status
(on/off/stage)

Door status (on/off)

Lighting status
(on/off/dim)

Ceiling fan status
(on/off/stage)

Portable heater status
(on/off/stage)

Computer status (on/off)

Occupants
preferences

Occupant demographic and
contextual information

Attributes Gender

Age range

Country

Attitudes Comfort preference
(thermal/IAQ/visual)

Energy use style

Proxy Wi-fi APs

CO2 concentration

Occupants physiological information Facial recognition/image
recognition

Emotions

Heart rate/skin
temperature/vascular
analysis

Other Occupancy Presence/status

Count

(continued)
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Table 2 (continued)

Data type Description Example

Location

relied on 1—BuildingAutomation systems (e.g., temp., relative humidity (RH), valve
and damper positions…etc.) and/or 2—Stand-alone sensors and data loggers.

Collecting occupant-related information, on the other hand, either focused on
analyzing building occupancy (i.e., occupancy status, arrival/departure times, occu-
pant counts) or their interactions with building systems (e.g., Light switches, SP
changes, Window use…etc.). Several approaches were presented in the literature
for occupancy detection, which are summarized in Table 3 adopted from [41]. On
the other hand, data collection of occupant-building interactions typically relied on
existingBAS infrastructure or installing additional stand-alone sensing infrastructure
(e.g., window contact sensors, blinds position, time-laps cameras to monitor shade
positions).

Table 3 Methods for occupancy detection

Method Example

Motion sensor PIR [13, 14]

Lighting switch sensor [10]

Pressure sensor [27, 28]

Ultrasonic sensor [43]

Vision-based technology Camera [6]

image-processing occupancy sensor [7]

RF-based technology RFID [29]

Bluetooth [12, 18]

Wi-Fi [5, 12]

Virtual sensors PIR, pressure, and keyboard and mouse sensors, GPS location and
Wi-Fi connection from Wi-Fi hotspots [11, 46]

Multi-sensor networks Wi-Fi and BLE [23]

CO2 magnetic reed switches, and PIR sensors [31]

IMU, Wi-Fi, humidity, and illuminance sensors [21]

Keyboard and mouse activity, webcam, microphone, PIR,
temperature, RH, light, proximity sensors, and pressure mat [47]

Smart Door (LDR and ultrasonic Sensors) [34]

Contact closure, PIR, and CO2 sensors [33]

PIR, pressure, and acoustic sensors [35]

PIR, CO2, RH, temperature, air velocity and globe thermometer
[36]
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Fig. 4 Collection of occupants’ data using surveys integrated into apps [22]

Directly collecting data on occupant preferences has been achieved using comfort
surveys, which have either been manually administered [8, 24, 25] or automated
using mobile applications for continuous data collection (e.g., voting systems). For
example, Jayathissa et al. [22] collected thermal, visual, and aural feedbacks from
occupants using apps that can be installed on participants’ cellphones as shown in
Fig. 4. Other studies employed customized systems such as wearables to extract
information regarding occupants’ preferences and comfort levels by measuring
and analyzing their actions and body parameters (e.g., skin temperature, facial
recognition) [2, 16, 17].

3.2 Novel Data Collection Approaches/Experimental Set Ups

Research efforts are shifting towards acquiring a deeper understanding of occupant
comfort, health, and well-being in the built environment. Hence, new data collection
attempts are focusing on methods to gather more data, more frequently, and less
intrusively. As a result, the use of novel data acquisition approaches/experimental
set ups has been increased in the last few years. The experimental set up for OCC
data collection can be an existing building (for data collection or implementation),
experimental/laboratory-based (e.g.,mock-up spaces), orVirtual/AugmentedReality
(VR).One advantage of the latter is providingmore control over experimental settings
(e.g., controlling the exact amount of light, glare, etc.) while only manipulating one
variable of interest. More details about these alternative data collection approaches
are provided below.

3.2.1 Experimental/laboratory-Based Studies (e.g., Mock-Up
Environments)

In this approach, researchers extracted information from occupants with aid of
cameras and/or wearables (e.g., glasses, shoe insole, wrist pad) in mock-up envi-
ronments [20, 30, 44, 45]. Extracted information included physiological aspects
(e.g., skin temperature, vascular territories/blood vessels analysis) [15, 42] or about
location and status of body parts (e.g., facial status and emotions, eye location)
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Fig. 5 Facial action unit (FAU) data collection method [3]

[3]. Based on these data, analysis of occupants’ preferences and interactions were
carried out. For instance, Allen et al. introduced a data collection method named
Facial Action Units (FAU) which is summarized in more detail in Fig. 5. A motion
detecting surveillance kit (i.e., Raspberry Pi Zero W, running MotionEyeOS, and a
Pi camera) is utilized to record occupants with a timestep of 5 min and with rate
of 5 frames/second (fps). These videos were then uploaded to the cloud, where
they were automatically processed with OpenFace (i.e., a FAU software), and then
deleted for privacy concerns. FAUs are the fundamental actions of facial individual
muscles or groups of muscles. OpenFace refers to a set of facial muscle movements
that correspond to a displayed emotion. It analyzed these videos for facial landmark
detection, head pose estimation, facial action unit recognition, and eye-gaze estima-
tion, which provided information about occupants’ emotions, and then their comfort
levels and preferences. Finally, overall satisfaction of the occupants was analyzed
based-on different scales such as mental well-being scale, work engagement scale,
and satisfaction with Indoor Environmental Quality (IEQ) [3]. Although the videos
were deleted after analysis, several privacy concerns about this approach were raised.

3.2.2 Virtual or Augmented Reality (VR)

In this approach, the participants interact with building systems (e.g., light switches,
blinds, etc.) in a virtual environment, and their actions and preferences are collected.
For example, Kim et al. investigated the effect of different design features and oper-
ational strategies on occupant comfort and interaction with building systems [26],
as shown in Fig. 6. Immersive Virtual Environments (IVEs) provide more control
over the variables of interest and eliminate the issues related to space availability.
Furthermore, it eliminates the costs, and duration associated with experimental
implementation.
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Fig. 6 Use of VR in OCC research [19]

4 Conclusion

Choosing the best occupants’ data collection method for different OCCs can be
challengingbecauseof thevarious factors involved.However, understanding themain
limitations of the existing data collection approaches can be very helpful. Therefore,
the main shortcomings of the afore-mentioned methods are summarized in Fig. 7
and discussed in more details below.

In many of the identified OCC research studies, it was essential to install addi-
tional sensors and/or data acquisition equipment, which are costly and require regular
maintenance. As a result, previous studies were mostly limited to a few rooms for
periods ranging from a few hours to a few months at most. Furthermore, many
data collection approaches rely significantly on the Building Management Systems
(BMS), while not all buildings have extensive BMS with lots of instrumentation.
Therefore, these afore-mentioned methods may be only utilized in certain types of
buildings. Moreover, previous studies were mostly carried out in office or academic
buildings, and the location of these buildings was mainly limited to North America,
Europe, and few in East Asia. As a result, existing research is not comprehensive
and universal, which raises concerns about the representativeness of their results. To
address this issue, innovative approaches that rely on the increase in smart metering
infrastructure and connected thermostats can enable data collection at a much wider
scale.

Furthermore, in many previous OCC studies, participants were aware that they
are being monitored, causing them to potentially change their normal behavior (i.e.

Fig. 7 Major shortcomings of existing data collection approaches
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the Hawthorne effect [32]). However, previous studies suggested this issue tends to
be reduced in longer-term studies [19]. Finally, most of the identified studies relied
on unsystematic verification techniques. There was no practical performance eval-
uation of these sensing methods, or they generally lacked a rigorous and standard-
ized Measurement and Verification (M&V) procedure. Therefore, more research is
needed to standardize the evaluation of OCC performance for improving both energy
efficiency and occupant comfort.
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Impact Analysis of Covid-19 Pandemic
on Construction Employment
in the United States

Arkaprabha Bhattacharyya and Makarand Hastak

1 Introduction

The outbreak of COVID-19 pandemic has brought unprecedented effects on the
U.S. economy. The U.S. Bureau of Economic Analysis (BEA) has reported that the
U.S. economy witnessed a 31.4% (annual rate) decrease of real GDP in the second
quarter of 2020. However, in the third quarter as the business started reopening,
the real GDP bounced back and reported a growth of 33.4% [8]. COVID-19 data
preserved by Johns Hopkins University shows that the number of confirmed cases
started surging in March 2020 [17]. On March 13, 2020 President Trump declared
the COVID-19 pandemic as a national emergency [20]. At the end ofMarch 2020, 42
states which covers 94% of the U.S. population were under stay-at-home order [25].
Restrictions imposed by the state governments on travel, gatherings, leisure etc. to
contain the virus had a colossal effect onU.S. employment. Themonthly employment
situation news released by the U.S. Bureau of Labor Statistics (BLS) has recorded a
sharp decrease of non-farm payroll employment by 701,000 in March 2020. Among
the industries, leisure and hospitality suffered the maximum consequence. The other
industries that suffered notable loss are health care and social assistance, professional
and business services, retail trade, and construction [9].

Ogunnusi et al. [24] have investigated the effects of COVID-19 pandemic on
construction industry. They have adopted a survey-based approach. The study has
found that the lockdown due to the pandemic has affected the procurement of built
assets and construction industry at large. Afkhamiaghd and Elwakil [4] have devel-
oped a model of coronavirus spread in the construction industry. They have found
that the factors like quantity of work, area of the job site, and daily output of the
crew influence the spread of the virus. Gamil and Alhagar [18] have also investigated
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Fig. 1 Historical construction employment in thousands a between 1990 and 2020, b between
2019 and 2020

the impact of COVID-19 pandemic on construction industry. They have interviewed
ten subject matter experts and surveyed 129 construction practitioners. They have
found that the impacts were conspicuous in project suspension, labor shortage, job
loss, cost overrun, and time overrun. Other studies relating COVID-19 pandemic and
construction industry can be found in Bsisu [14], Al Amri and Marey-Pérez [6].

This paper presents the impacts of COVID-19 pandemic on construction employ-
ment. The impact has been assessed at subsector level. The U.S. construction
industry is comprised of three subsectors: building, heavy and civil, and specialty
trade. Figure 1 shows the variation of employment in three subsectors. It can be
seen specialty trade employs the most among the subsectors, which is followed by
building, and heavy and civil. The paper answers two research questions (1) how
much construction employment has changed due to pandemic and (2) whether the
change was uniform across the subsectors or not.

The impact of COVID 19 pandemic on employment has been defined as the
difference between the expected employment following pre-pandemic employment
trend and the observed actual employment. For conducting the analysis, this paper
has adopted intervention analysismethod. Intervention analysis was first proposed by
Box and Tiao [13] to estimate the change in the pollution in downtown Los Angeles
due to twomajor events. Sharma andKhare [27] have conducted intervention analysis
to gauge the impact of a legislation introduced by the Government of India in 1996
on the CO emission by different vehicles. Seong and Lee [26] have used exponential
smoothing based intervention analysis to analyze the impact of 9/11 terrorist attack
on U.S. air traffic and COVID-19 pandemic on people’s movement in Seoul. Historic
employment data of the subsectors between January 1990 and February 2020 were
used to forecast the expected employment in absence of COVID-19 pandemic. For
forecasting purpose, the paper has used Autoregressive Integrated Moving Average
(ARIMA) technique. The research has found that construction employment was
down by 5.5 million between March 2020 and December 2020. This was further
used in an Analysis of Variance (ANOVA) test to answer the second question. It has
been found that the impact has not varied across the subsectors. The outcomes of
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the paper can be used by the policy makers to understand the broader implications
of the construction employment change since industries are interdependent between
themselves [11] and prepare subsector specific recovery plan.

2 Research Methodology

The methodology is shown in Fig. 2. The paper has adopted Intervention Analysis
using Autoregressive Integrated Moving Average (ARIMA) method for estimating
the impact of COVID-19 pandemic on construction employment. For that, season-
ally adjusted employment data for the 3 subsectors (building, heavy and civil, and
specialty trade) were collected from BLS [10]. Since, construction employment is
highly seasonal [19], seasonally adjusted data have been used to overcome the impact
of seasonality. For Intervention Analysis, February 2020 was considered as the point
of intervention since National Bureau of Economic Research (NBER) considers
March 2020 as the first month of recession [22, 23]. There are three primary steps in
the intervention analysis [7]:

(1) Historical data between January 1990 and February 2020 were used to
determine the ARIMA model for the dataset.

(2) The selected model was used to forecast the expected employment between
March 2020 and December 2020.

(3) The change of employment was calculated for each month between March
2020 and December 2020.

The changes were calculated for each subsector and expressed as a percentage of
the expected employment to understand the percentage change. Then, the percentage
change for all 10 months were utilized to conduct an Analysis of Variance (ANOVA)
Test to check if the three subsectors were affected equally or not.

Fig. 2 Research
methodology
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3 Intervention Analysis

For intervention analysis Autoregressive Integrated Moving Average (ARIMA)
method has been adopted. Historic employment data between January 1990 and
December 2020 were collected for all three subsectors. Data till February 2020 were
used to forecast the expected employment for all ten months between March 2020
and December 2020 using ARIMA method. The descriptive statistics are shown in
Table 1.

AnARIMAmodel is represented as (p, d, q) [12] where, “p” is the order of autore-
gression (AR), “d” is the order of differencing required tomake the dataset stationary,
“q” is the order of moving average (MA). First, Augmented Dickey-Fuller (ADF)
Test was performed on the dataset. In an ADF test, the presence of non-stationarity
(null hypothesis) is tested against the absence of non-stationarity (alternate hypoth-
esis). The results of the ADF test for the three datasets can be found in Table 1.
All three datasets resulted a p-value over 0.05 which is the critical p-value. This
provides sufficient evidence in favor of the null hypothesis. Therefore, the datasets
had to be differenced to make them stationary. The three datasets: Building, Heavy
and Civil, and Specialty Trade required two, one, and one differencing respectively
to make them stationary thus making ‘d’ value two, one, one respectively for the
three datasets. Once the ‘d’ values were identified, a grid search was performed to
find the optimal values of ‘p’ and ‘q’. In the grid search the possible ranges for ‘p’
and ‘q’ were provided. Then ARIMA models with all possible combinations of ‘p’,
‘d’, and ‘q’ were created and the models with the best performance for all three
subsectors were selected for further analysis. For assessing the model performance,
Akaike Information Criterion (AIC) [5] was adopted. The models with the lowest

Table 1 Descriptive statistics
of the dataset (Jan 1990—Feb
2020)

Building Heavy and civil Specialty trade

Mean
(thousands)

1467.7 891.4 3893.5

Std
(thousands)

179.4 91.7 648.0

Min
(thousands)

1176.0 722.4 2667.3

25%
(thousands)

1303.6 819.2 3450.6

50%
(thousands)

1472.0 902.5 3987.2

75%
(thousands)

1604.2 953.4 4389.4

Max
(thousands)

1822.4 1098.9 4931.3

ADF test
p-value

0.053 0.525 0.131
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Table 2 Model performance comparison

Building Heavy and civil Specialty trade

Model AIC value Model AIC value Model AIC value

(0, 2, 1) 2388.47 (3, 1, 4) 2373.72 (3, 1, 4) 3072.39

(0, 2, 3) 2388.49 (4, 1, 4) 2377.33 (4, 1, 4) 3075.22

(2, 2, 1) 2388.87 (4, 1, 3) 2378.34 (2, 1, 2) 3079.43

(0, 2, 2) 2388.98 (2, 1, 2) 2381.62 (1, 1, 3) 3079.52

(1, 2, 1) 2389.29 (1, 1, 3) 2381.91 (1, 1, 2) 3079.72

AIC value were selected for forecasting purpose. For all three datasets ‘p’ and ‘q’
were varied between [0, 4]. This creates 52 or 25 possible combinations for ‘p’ and
‘q’. For brevity, the performance of the 5 best models is shown in Table 2.

Table 2 shows thatARIMA (0, 2, 1), ARIMA (3, 1, 4), andARIMA (3, 1, 4) had the
best fit for the building, heavy and civil, specialty trade dataset, respectively. So, they
were used in forecasting the expected employment based on the historic trend. This
approach of estimating the impact of COVID-19 pandemic assumes that the employ-
ment would have followed the same trend if there were no COVID-19 pandemic.
Table 3 shows the change of construction employment for the three subsectors. The
change has been calculated as difference between expected employment following
the historical trend and actual employment observed due to COVID-19 pandemic. It
can be seen from Table 3 that the change was maximum in April 2020. During this
time,most of the states imposed stay-at-homeorders to contain the spread of the virus.
The change reduced as the year progressed and the restrictions were lifted. The anal-
ysis indicates that COVID-19 pandemic brought down construction employment by
5.5 million between March 2020 and December 2020. Among the three subsectors,
the specialty trade had the maximum employment change (3.5 million), followed

Table 3 Estimated construction employment change in thousands due to COVID-19 pandemic

Month Building Heavy and civil Specialty trade Total

Mar-2020 17 16 49 82

Apr-2020 243 107 773 1123

May-2020 147 80 467 695

Jun-2020 123 90 347 559

Jul-2020 117 92 340 549

Aug-2020 109 99 341 549

Sep-2020 101 105 331 537

Oct-2020 86 97 301 484

Nov-2020 86 89 301 476

Dec-2020 87 77 282 446

Total 1116 851 3532 5500
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Fig. 3 Outcomes of intervention analysis

by building (1.1 million), and heavy and civil (0.9 million). Figure 3 visualizes the
outcomes of the paper. The dotted lines represent the expected employment in three
subsectors if pre COVID-19 pandemic trends continued while the solid lines show
the actual employment numbers.

4 Analysis of Variance

The second question this paper intended to answer was whether the impact was
uniform across the three subsectors or not. It can be seen in Table 3 that specialty trade
had the maximum employment change. But the employment generated by the three
subsectors are significantly different from each other. Among the three subsectors,
specialty trade creates 62% of the total construction employment, building sector
creates 24%, and heavy and civil sector creates remaining 14% of the construction
employment. The effect of this is not reflected in the results in Table 3. Therefore,
the changes were converted into percentages. The percentage employment change
was calculated as Eq. 1.

PercentageEmploymentChange

= PredictedEmployment − ActualEmployment

PredictedEmployment
(1)
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Table 4 Percentage
employment change due to
COVID-19 pandemic

Month Building (%) Heavy and civil
(%)

Specialty trade
(%)

Mar-2020 1 1 1

Apr-2020 14 10 16

May-2020 9 7 10

Jun-2020 7 8 7

Jul-2020 7 8 7

Aug-2020 6 9 7

Sep-2020 6 9 7

Oct-2020 5 9 6

Nov-2020 5 8 6

Dec-2020 5 7 6

Average 6.5 7.7 7.2

Table 4 shows the percentage employment change. For instance, in April 2020,
the employment in specialty trade was down by 16%. This implies that the actual
employment in specialty trade was 84% of what was expected had the employment
trend before the pandemic continued. The average percentage employment change
wasmaximum for heavy and civil subsector, followed by specialty trade, and building
subsector.

The next step was to investigate whether this change is statistically significant or
not. For that, the paper has adopted one way analysis of variance (ANOVA) test. The
detailed procedure for ANOVA test can be found in Devore [16]. The null hypothesis
claims that the three subsectors had faced equal impact of COVID-19 pandemic
(H0 : µ1 = µ2 = µ3,where µ1, µ2, andµ3 are the average percentage employment
change in building, heavy and civil, and specialty trade subsector, respectively). Thus,
the difference in average percentage change in employment in three subsectors is
insignificant. The alternate hypothesis contradicts this claim (Ha : µ1 �= µ2 �= µ3).
Table 5 shows the outcomes of the ANOVA test.

The test results can be obtained in terms of F value and P-value which are 0.34
and 0.72, respectively. The test was performed at 5% level (α = 0.05). For α = 0.05,
the critical value of F (F crit) is 3.35. Since the F-value (0.34) is less than 3.35, it can
be inferred that the null hypothesis is true. This indicates that the three subsectors
were affected equally.

Table 5 ANOVA results

Source of variation SS df MS F P-value F crit

Between groups 0.0007 2 0.0003 0.3374 0.7166 3.3541

Within groups 0.0278 27 0.0010

Total 0.0285 29
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5 Discussion

The paper has found that betweenMarch 2020 and December 2020, the construction
employment was down by an estimated 5.5 million with 20% of it taking place
in April 2020 only. In the initial stages of the pandemic, states like Michigan, New
York, Pennsylvania, andWashington along with some of themajor cities like Boston,
Austin, San Francisco decided to shut down all construction projects [21]. OnMarch
19, 2020, the federal government issued an order that allowed workers in the critical
infrastructure industry to continue work and maintain their normal schedule [15].
While the order listed industries for which construction is absolutely essential, it
did not explicitly mention construction as an essential service [1]. In March 2020,
the Associated General Contractor of America (AGC) conducted a survey of their
members regarding the ongoing projects and the projects that are expected to start in
30 days. The survey outcomes show that owners, government agency and officials
directed to halt 28 and 11% of the ongoing and upcoming projects, respectively [2].
The same survey conducted in June 2020 shows that only 32% of the owners did
not ask to halt or cancel any ongoing and upcoming works. Rest 68% either halted
or cancelled. Out of the 551 respondents of the survey 25% indicated that they have
furloughed or terminated their employees on or before May 2020. AGC found that
the stoppages are attributed more to the owner concerns than government orders [3].

6 Conclusion

COVID-19 pandemic has posed an unprecedented challenge on the U.S. economy.
Construction as an industry has also suffered from the recession triggered byCOVID-
19 pandemic. In this paper, the impact of COVID-19 pandemic on construction
employment has been presented. The paper has adopted ARIMAmethod to perform
intervention analysis. Historic employment data of three constituting subsectors of
construction industry: building, heavy and civil, and specialty trade were collected
between January 1990 andDecember 2020.Data till February 2020were used to fore-
cast the employment between March 2020 and December 2020 using ARIMA tech-
nique. Three different ARIMA models were created for three subsectors. The fore-
casting outcomes were used in calculating the employment change due to COVID-
19 pandemic. It has been found that the cumulative employment in three subsectors
was reduced by 5.5 million due to the pandemic. The forecasting outcomes were
further used to perform an ANOVA test. The ANOVA outcomes indicate that there
is no significant difference among the subsectors in terms of percentage change in
employment. In the future, research will be conducted at the state level to understand
how the impacts have changed from one state to another. This might help to gain
insights regarding the best practices that could help making construction industry
more resilient to the exogenous shock.
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The Applicability of the Two-Fluid Model
to Simulate Soil Internal Fluidization
Due to Pipe Leakage

A. Ibrahim and M. Meguid

1 Introduction

Internal soil fluidization and erosion can happen in the vicinity of leaking buried
pipes due to local pressure increase and rapid water flow within the surrounding
soil. When fluidized, the soil loses some or all of its shear strength (i.e., liquefied)
due to the increase in pore water pressure. This can compromise the soil integrity,
strength and ultimately leads to volume loss and the formation of sinkholes [1,
15]. Characterizing and predicting internal fluidization of soils can be particularly
challenging considering the complex underlying physics that govern fluidization [7].
These physics involve the interaction mechanisms, momentum transfer and force
balance between soil particles and water, or other fluids [27]. This type of analysis
has been widely adopted in fluidized beds, where fluidization is induced by gas or
liquid injection through an opening [8, 19, 22]. In ground engineering and earth
structure, with less controlled environment than this of fluidized beds, the analysis
becomes more complex as the properties of soils such as cohesion and particle size
variability come to play a major role [21, 28]. Furthermore, if a hydraulic transient
is to occur in a compromised leaking pipe, more complex interactions are to happen
as the pressure wave travels back and forth across the system.

Analyzing internal fluidization requires access to information related to the
micromechanics of the system and resolving the particle–fluid interaction. Several
attempts have been made to investigate these interactions experimentally [2, 25],
numerically [7] and using simplified analytical models [18, 26]. Given the limited
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flexibility of experimental and analytical solutions in obtaining microscale informa-
tion and dealing with a wide range of initial and boundary conditions, numerical
analysis is mostly adopted. The two most common approaches are pure continuum
analysis and coupled discrete-continuum analysis. In pure continuum analysis, the
solid and fluid phases are treated as a single continuum with collective properties
that account for the presence of both phases (i.e., a mixture). Alternatively, the two
phases are interpreted as inter-penetrating continua each representing a single phase
such as the case of the Two-Fluid Model (TFM) [3, 10, 16]. On the other hand, in
coupled discrete-continuum analysis the solid phase receives a discrete Lagrangian
treatment while the fluid phase is considered as a continuum. Examples for this
type of analysis involve the coupled Discrete Element Model-Computational Fluid
Dynamics (DEM-CFD) [23] and Discrete Element Model-Lattice BoltzmannModel
(DEM-LBM) [6].

Although utilizing discrete methods such as DEM-CFD allows for a relatively
more accurate representation of the soil–water coupling compared to continuum-
based approaches, it comes at a high computational cost [12].On the contrary, coupled
continuum modelling such as the TFM is much more computationally feasible with
code execution time of approximately 7% of this of CFD-DEM [11]. Thus, it allows
for analyzing larger and more realistic systems and producing results than can be
incorporated into conventional analysis needed for design and risk assessment. The
application of the TFM, however, has so far been limited to a few cases in simulating
sediment transport and riverbed morphology [4, 5]. The model’s performance is yet
to be tested in dealing with earth structures where soils are densely packed and
quasi-static flow conditions are most likely to be dominant.

In this study, we aim to explore the potential of the TFM to simulate internal
fluidization around leaking pressurised pipe (Fig. 1a). The test case consists of a
buried pressurised pipe with an aperture, through which, a water jet is released into
the overlying sand layer leading to internal fluidization that can lead to the formation
of a water-filled cavity (Fig. 1b). We investigate the ability of the model to capture
the extent of the fluidized zone and the associated changes in pore water pressure.

Fig. 1 Schematic diagrams for the onset of fluidization: a Illustration of the formation of internal
fluidization in the vicinity of a leaking pipe, b A conceptual representation of the fluidization
parameters around the aperture
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Emphasis is placed on identifying the drawback and limitations of the TFM approach
in analyzing soil fluidization caused by water leakage in subsurface structures.

2 Numerical Analysis

The TFM used in this study was developed following the local volume-averaging
technique proposed byAnderson and Jackson [3]. In thismodel, the particulate phase
is considered as a fluid-like continuum with equivalent pressure and shear stress
flow parameters that reflect the granular behaviour of solids. Thus, the core of this
model is the constitutive relationships (closures) used to obtain these parameters.
Significant developments to these closures have been made since they were early
presented by Anderson and Jackson [3] such as the Kinetic Theory of Granular Flow
(KTGF) [10, 13, 17, 24] and granular rheology [5, 20]. The governing equations for
the TFM consist of the locally averaged continuity and momentum equations. The
conservation of mass for both phases can be written as [4]:

∂ρ f α f

∂t
+ ∂ρ f α f u f

i

∂xi
= 0, (1)

∂ρsαs

∂t
+ ∂ρsαsusi

∂xi
= 0. (2)

where α f and αs are the volume fractions of both fluid and solid phases such that
α f + αs = 1, ρ f and ρs are the mass densities and u f

i and usi are (i
th) components

the cell-averaged velocities of fluid and solid phases, respectively (i.e., ux, uy or uz
in cartesian coordinates). Similarly, the conservation of momentum is written as:
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where p is the fluid pressure, fi and gi are the external and driving body forces and
the gravitational acceleration, τ f

i j is the shear stress tensor of the fluid phase, τ
s
i j and

ps are the shear and normal stresses of the solid phase, and K is the drag parameter.
The last term of the right-hand side of Eqs. (3) and (4) represents the drag force
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between the two phases associate with particle–fluid interaction, hence it appears in
opposite signs such that Newton’s third law of motion is not violated.

The solid granular phase is essentially discrete, such that macro-scale or domain-
averaged pressure and shear forces are determined from the collective forces acting
on individual particles. However, the continuum representation of the solid phase in
Eqs. (2) and (4) does not allow for direct discrete treatment of the solid particles.
Thus, closures are needed to obtain the equivalent granular pressure and shear stresses
as cell-averaged values. In this study, the closures obtained from the Kinetic Theory
of Granular flow are adopted [9, 10]. The solid granular pressure, ps , consists of two
components: permanent contact pressure, p f f , and shear induced pressure ps [14]:

ps = p f f + ps (5)

where the permanent contact component is expressed as:

p f f =
{
0 αs < αFric

min ,

Fr (αs−αFric
min )

η0

(αmax−αs )η1
αs ≥ αFric

min

(6)

where Fr , η0 and η1 are empirical parameters that take the values of 0.05, 3 and
5, respectively [5]. αFric

min is the minimum solid fraction considered for interparticle
friction to develop, for spherical particles, αFric

min ≈ 0.57. and αmax is the maximum
value of solid volume fraction. Special attention should be given to the terms in
Eq. (6) to avoid diving by zero when αmax = αs . This is especially critical in the
case when initial settlement of solid particles is required (i.e., static condition). If the
initial solid fraction value was set close to αmax , numerical instabilities will develop
andmost likelywill lead to a numerical singularity. In order to avoid this, a reasonable
margin should be given between the initial and maximum packing values such that
the desired initial condition can be achieved without causing instabilities.

The shear-induced granular pressure depends mainly on the granular temperature
of the system, �, the radial distribution function, gs0, and the coefficient of restitu-
tion, e, where the values of the shear-induced pressure is given byDing andGidaspow
[9]. The simulation was carried out using sedFoam solver [5] on OpenFOAM CFD
platform. The solver is an isothermal incompressible version of the twoPhaseEuler-
Foam solver in OpenFOAM, which is a two-phase solver for solid–fluid flows. The
closures of the KTGF presented herein are incorporated in the solver for pressure
and shear stress estimation in the solid phase.

3 Model Validation

To test the validity of the TFM to simulate internal fluidization, we set up a numerical
model to reproduce the experimental study reported by Alsaydalani [2] and the
numerical study performed usingDiscrete ElementModel-Lattice BoltzmannModel
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(DEM-LBM) byCui et al. [7]. Both studies tackle the problem of internal fluidization
in a submerged sand bed subjected to a local controlledwater injection that resembles
water leakage from a buried pipe. One of the important reasons we chose to validate
the model using the two aforementioned studies is to test the model’s scalability.
As opposed to CFD-DEM model, the continuum nature of the TFM allows for local
mesh refinement around narrow openings and complex geometry. This can be much
more computationally efficient as the need to use a large number of particles no
longer exists. It is worth noting that the mean particle size for the numerical study
of Cui et al. [7] is approximately 4.5 times larger than that used in the experiment to
reduce the computational cost. Consequently, the slot opening size is increased to 10
times larger. Thus, the scalability of the model presented in this study is put the test
to see if this limitation can be overcome by refining the computational mesh around
the injection slot.

The experimental setup consists of a box filled with submerged silica sand (sand
bed), while water is injected at controlled flow rates through a rectangular slot at
the bottom of the box (Fig. 2). Probes to measure the excess pore water pressure are
placed along the centreline of the box and connected to sight-tubes to measure the
development of excess pore water pressure throughout the experiment. Snapshots
of the deformation of the sand bed are taken throughout the experiment to monitor
the surface heave and the extent of the fluidized zone. For the numerical simulation
considered in this study, the height of sand inside the box is set to 0.3 m with two
cases for average particle sizes of 1 and 4.5 mm corresponding to slot openings of
0.33 and 3 mm, respectively. A summary of the simulation parameters for both cases
is shown in Table 1.

Initially, the system is set up with solids at a volume fraction of 0.55, which is
lower than the desired packing prescribed in the experiment (αs = 0.63) to allow
for interparticle forces to properly develop. Afterward, the solid particles are left to

Fig. 2 A schematic of the experimental setup. Adapted from Alsaydalani [2]
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settle down to the prescribed volume fraction of 0.63 such that the total height of
the silica sand submerged underwater is 0.3 m. The maximum packing limit, αmax ,
is set to 0.68 such that no numerical instabilities rise from the computation of the
permanent contact pressure term. Settling is left long enough (approximately 18 s
of simulation time) to ensure that the system is initially static and no particle or
fluid movement is happening. After the particles had settled such that the sand bed
is initially at rest, water is injected through the slot at controlled flowrates. For the
first simulation case used to reproduce the results reported by Alsaydalani [2], the in
injection flow rates are 135.6, 235.5, 338.8, and 506 l/h. As for the second simulation
case used to reproduce the DEM-LBM results reported by Cui et al. [7], the injection
flow rates are 0.25, 0.5, and 0.75 l/s, which are equivalent to 900, 1800, and 2700 l/h.

4 Results and Discussion

The numerical results presented in this section focus on two aspects: (i) the devel-
opment of excess pore water pressure in the vicinity of the water jet, and (ii) the
deformation and mobilisation of sand particles in the sand bed. The latter involves
the surface heave and the formation of cavities/fluidized zones around the location
of injection. Both aspects should give insights on the model’s performance regarding
capturing micro and macro-scale interactions.

4.1 Pore Water Pressure

The numerically calculated excess pore water pressure values along the centreline
of the box are shown in comparison to both experimental and DEM-LBM numerical
results in Figs. 3 and 4. From the simulation, we observe that the excess pore water
pressure value peaks at the location of the injection slot. The excess pore water
pressure is then dissipated gradually until it approaches a value of zero at the surface
of the sand. For both validation cases, we find that approximately 60–70% of the
excess pore water pressure is dissipated in the lower 80 mm of the sand bed. Such
high rate of dissipation can be referred to the high energy needed at the injection
entrance to mobilize a portion of the sand mass. Above the lower 80 mm of the

Table 1 Summary of simulation parameters used by Cui et al. [7] and Alsaydalani [2]

Solid density
(kg/m3)

Fluid density
(kg/m3)

Bed height (m) Orifice
opening (mm)

Average
particle size
(mm)

Experiment 2650 1000 0.3 0.33 1

DEM-LBM 2700 1000 0.3 3 4.5
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Fig. 3 Excess pore water pressure along the centreline above the injection slot for different
flowrates, TFM simulation verses experimental results

Fig. 4 Excess pore water pressure along the centreline above the injection slot for different
flowrates, TFM simulation verses DEM-LBM results

sand bed, the excess pore water pressure appears to vary nearly linearly with depth,
indicating a steady flow velocity. These observations align with those reported by
Alsaydalani [2] and Cui et al. [7] in the sense that the inlet velocity is higher than
the critical velocity, beyond which, fluidization will occur.

The results for excess pore water pressure obtained from the TFM simulations
show good agreement with both experiment and DEM-LBM simulation in terms of
the general trend and obtained values. The extent of mobilisation of solid particles,
however, is difficult to investigate solely from the results of excess porewater pressure
as it requires further investigation of the deformation of the sand bed.
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Fig. 5 A comparison between the shape and the extent of the fluidized zone and surface heave, a
TFM simulation verses b experimental results from Alsaydalani [2]

4.2 Surface Heave and the Extent of Fluidization

To investigate the fluidized zones in our simulation, we look at the physical deforma-
tion of the sand bed from our simulation. As the sand surface or water above are not
restrained (i.e., free surface condition), the upward driving force from injection is
expected to cause heaving in the sand surface. This heave can be observed from the
simulation (Fig. 5a) and shows a decent agreement with the respective photographs
from the experiment (Fig. 5b). To visualise the fluidized zone around the injection
slot, the colour scale representing solid volume fraction is shifted towards the far
end of initial packing to display any possible mobilisation that could have happened
(lower panel of Fig. 5). The extent of the fluidized zone, although being slightly less
than this from the experiment, shows a good representation of the fluidization area.
Despite beingmobilised, no cavities have been formed around the injection slot. This
follow regime can be classified as a “static bed regime” as indicated by Cui et al.
[7], where no observable cavities are generated. This regime can be most closely
interpreted as seepage flow, however, a fundamental difference from seepage is that
the soil matrix does not remain intact and can be subjected to changes as injection
conditions change.

A thorough investigation of the solid volume fraction for different flow rates is
shown in Fig. 6. It can be seen that particles are washed away in the vicinity of
injection causing a reduction in the solid volume fraction of approximately 11–15%
and is directly proportional to the value of flow rate. Overall, the model showed
good performance in capturing the characteristics of the onset of fluidization in
comparisonwith the available experimental and numerical results.More importantly,
the execution time for the two test cases considered in this study was nearly the same,
which confirms the model’s scalability. This can provide a reasonable preliminary
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Fig. 6 Variation of the solid volume fraction along the centreline for different flow rates

assessment for the state of stresses and deformation in the vicinity of leakage and
beyond. Nonetheless, the model suffers from some inherent drawbacks that should
be taken into consideration.

4.3 Model Limitations

The constant particle size used in the TFM simulation may not be a good representa-
tion of the actual soil. This issue was not observed in the comparison included here
mainly because of the uniform nature of sands used in the experiment and numerical
simulation. However, when dealing with actual soils, a much wider range of particle
size distribution ismost likely to be the case. Since themodel dealswith cell-averaged
values of porosity, pressure and shear stresses, the actual coupling behaviour will be
more difficult to capture. This issue becomes more critical in gap-graded soils where
smaller particles are expected to be washed away into the pores of larger particles.

5 Conclusions

In this study, we tested the potential of the two-fluid model to simulate the internal
fluidization in a submerged sand bed subjected to controlled injection (leakage) flow
rates. The following observations and conclusions could be identified:

1. Our simulation results showed good agreement with reported experimental and
numerical results of excess pore water pressure, surface heave and fluidized
zone.
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2. The model could decently capture the microscale-related interactions such as
local fluidization as well as macro-scale behaviour such as surface heave.

3. Some inherent drawbacks to the model are identified such as its inability to
account for particle size distribution, cohesion and particle shape.

4. The mesh-based adopted simulations’ accuracy might be questionable when
dealing with applications that involve fragmentation or highly convective flows
in general.

5. Overall, the model can be a viable tool for preliminary assessment of coupled
water-soil applications.
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Preliminary Analysis of Emerging
Visualization and Image Modeling
Technologies for Highway Construction
Inspection

Mamdouh Mohamed, Phuong Nguyen, and Daniel Tran

1 Introduction

Construction and maintenance projects, such as roadways and bridges, have
displayed little productivity growth during the past two decades. Number of factors
(e.g., shortage of funding) contributed to this situation. Among these factors, reliance
on the conventual paper-based management processes is a critical root cause of
low efficiency in construction inspection activities. The continued reliance on
paper-based processes during project development and delivery impedes innova-
tion whereas the shortage of qualified staff slows down production rates and reduces
quality of the final product [1]. Previous studies show that there is a direct correlation
between the digitalization rate of construction industry and productivity improve-
ments. For instance, adopting effective practices to infuse the use of e-construction
technologies and advanced automation instead of the paper based can increase
productivity by 8% on average and result in cost savings up to 5% [1]. The Federal
Highway Administration (FHWA) defines e-construction as a paperless construc-
tion administration delivery process. This process includes electronic submission of
all construction documentation by all stakeholders, electronic document routing and
approvals (e-signature), and digitalmanagement of all construction documentation in
a secure environment [2]. E-inspection is a substantial part of this automated process,
including electronic field data collection by inspectors, data analysis, and documen-
tation of inspection results. There are ongoing initiatives to support e-inspection for
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transportation construction projects. For example, the FHWA’s Every Day Counts
(EDC) initiative focuses on employing technologies readily available to the trans-
portation projects, including digital electronic signatures, electronic communication,
secure file sharing, mobile devices, and visualization and Imagemodeling techniques
to improve construction management processes [2].

Previous studies have examined application of different visualization and image-
capturing technologies in construction projects. For instance, Okpala et al. [3] exam-
ined utilization of emerging technologies such as building information modeling
(BIM), augmented reality (AR), virtual reality (VR), and image-based sensors. The
study found that these technologies are not applied broadly in construction projects.
Yamaura and Muench [4] conducted a study to assess the impact of mobile tech-
nology on public transportation project inspection. Results of the study indicated that
project inspectors using the mobile technology system experienced higher produc-
tivity, collected and shared twice as many observations and inspection images, and
improved the timeliness of daily reports. There has been an increasing number of
publications concerning the visualization and image modeling technologies in the
area of construction projects during the past two decades. However, limited research
has focused on providing a systematic review and content analysis of published arti-
cles related to applying these technologies to transportation construction projects.
Researchers need to identify implementation challenges, the current, and future appli-
cation trends of these technologies to different construction operations. Further, prac-
titioners need to a useful reference on adopting new technologies in construction
inspection.

The objective of this study is to summarize research efforts and practical appli-
cations of different types of visualization and Image modeling technologies used
in transportation construction inspection. The current and future research trends are
elicited from the collected articles. Further, practical information regarding what
construction elements to be inspected by these technologies, effectiveness, and the
enablers and barriers of technology adoption are also discussed.

2 Construction Inspection

Quality assurance (QA) inspection of construction project is defined as a tool
or means by which the owner and contractors ensure that the road or bridge is
constructed in accordance with approved plans and specifications by the most
economical, efficient, and safe method [5]. When QA programs are well designed,
they can provide confidence that projectmaterials andworkmanshipwill be in reason-
able conformance with plans and specifications [6]. Typically, QA inspection and
acceptance are managed by the means of material certification, visual inspection, or
sampling and testing. While the acceptance by certificate is typically for standard
and prefabricated materials with non-to-low inspection failure risk, the acceptance
by testing and field inspection are often for project-produced materials and work-
manship with higher levels of risk. To alleviate this risk, transportation agencies
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allocate resources to perform construction materials testing and inspect construction
items as a part of their QA programs. Typically, inspection staff is responsible for
conducting and verifying the results of the material testing and inspection processes.
The inspection process may be on-site such as visual field inspection or off-site such
as shop and source inspection [7].

Various indicators showed that the conventional inspection process has reached its
limits, and numerous transportation agencies have begun shifting from the conven-
tional testing and inspection to automated process aiming to save time, cost, and
inspection workforce. These agencies are using a combination of manual and elec-
tronic systems and tools. The emerging e-inspection technologies such as visual-
ization and image modeling enable easier access to real-time information and more
accurate data collection. They also give inspectors access to a vast range of options
that can help them complete inspection tasks in the field and documents inspection
results [2, 8].

3 Research Approach

This study aims at identifying emerging areas, applications, and predictions of
future research directions of visualization and image modeling technologies in trans-
portation projects by conducting a systematic literature review on relevant arti-
cles published from 2000 to 2021. Transportation construction and maintenance
related articles fromconstruction, electrical and electronic engineering, and computer
science journals domains were included in the review. As shown in Fig. 1, three

(i) 
Journal search

from Web of Science

(ii) 
Journal selection 

criteria with 
selecting high

impact journals

(iii) 
Article search in 

individual databases 
and libraries

(iv) 
Elimination of 

duplication and 
irrelevance

(v)
 Categorization

based on the results of 
content analysis

(vi) 
Explore potential 

research directions for 
the future

Phase (1) Selection of Journal Phase (2) Selection 
of Articles

Phase (3) Content Analysis

Fig. 1 Research methodology for acquiring up-to-date and high-quality articles
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phases have been applied in this study to acquire up-to-date and high-quality arti-
cles. In Phase 1, journals that have an important impact and prominent position in
the research community were selected. For a double authentication, two criteria have
been assigned for journals selection, including a) the literature to be drawn from the
top quality journals listed in the 2019 Scimago Journal & Country Rank (SJR) list,
and b) the 2019 Scopus journal metrics (CiteScore) on the ranking of construc-
tion management journals were referred to when choosing the journals. Journals
that have a CiteScore of 1.0 and above based on the 2019 Scopus journal metrics
were considered [9]. In Phase 2, advanced search for relevant articles was conducted
using Science Direct, Scopus (Elsevier’s abstract and citation database), Google
Scholar, andAmerican Society of Civil Engineers (ASCE) library, Taylor and Francis
Online, andWileyOnline Library. To consider publication fromother fields pertained
to construction inspection technology, Electrical and Electronics Engineers (IEEE)
Xplore and Association of Computing Machinery (AMC) library databases were
searched. A keyword search for “construction e-inspection”, “highway inspection”,
“electronic construction inspection”, “visualization technology”, “image modeling
“pavement testing” and “bridge testing”, which are frequently used in transportation
construction papers. In Phase 3, 93 searching results in the selected journals and
databases from Phases 1 and 2 were analyzed (Table 1). By synthesizing articles’
abstracts, highlights and key scope, 64 articles were outside the visualization and
image modeling in construction project e-inspection domain. This screening process

Table 1 Number of articles pertaining to construction e-inspection of transportation projects

No Journal No. of article

Name Cite-score SJR Total searching Reviewed

1 Journal of construction engineering and
management (JCEM)

5.8 1.03 11 4

2 Journal of computing in civil
engineering (JCCE)

7.6 0.95 14 3

3 Journal of infrastructure systems (JIS) 3.4 0.64 7 2

4 Journal of management in Engineering
(JME)

6.7 1.25 6 1

5 Automation in construction (AC) 9.5 1.41 22 10

6 Journal of structural engineering (JSTE) 5.7 1.64 5 1

7 Journal of surveying engineering (JSE) 3.9 0.88 4 1

8 Advanced engineering informatics
(AEI)

6.9 0.94 5 2

9 Advances in engineering software
(AES)

9.5 1.24 5 1

10 IEEE Instrumentation and measurement
magazine (IEEE)

2.3 0.32 3 1

11 Journal of bridge engineering (JBE) 4.6 1.32 11 3

Total 93 29
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reduced the number to 29 articles from 11 journals after duplicated and irrelevant
articles were eliminated. In addition to these articles, six relevant academic reports
were also selected for this research because they discuss these technologies.

Once the articleswere identified, detailed content analysiswas carriedout.Content
analysis is a research technique for determining major facets of and valid inferences
from written, verbal, or visual communication messages [10]. Content analysis (i.e.
paper title, abstract, keywords, methodologies, and technology demonstrations, or
application areas) was conducted in order to categorize and analyze the reviewed
articles.

4 Results

The result of the content analysis is presented in the following subsections. The
percentage values indicated in the discussion, figures, and tables were determined
based on the number of references over the total number of articles considered in the
content analysis (i.e., 29 journal articles).

4.1 Profile of the Reviewed Articles by Journal and Year
of Publication

Figure 2 depicts the percentage of the selected articles published in each journal.
Approximately one third of the selected articles were published in AC, where the
scopeof this journal focuses on automation and technologies in construction.Approx-
imately half of the articles were published in the journals of AC and JCEMcombined.
The remaining percentage of the articles (50%)were published in the other 9 journals.
The number of selected articles by journal and year is shown in Fig. 3. The selected
articles were published over the period from 2000 to 2021. Among these, 11 arti-
cles (38%) were published between the years 2015 and 2019, which is considerably
greater than any other publication period. From 210 to 2014, there were nine articles
(31%). From 2005 to 2009, there were five articles (17%). Whereas, the number of
selected articles published in the span of 2000–2004 is four (13.7%), representing the
least number of publications. As seen, the trend in Fig. 3 indicates an increasement
in the number of publications and research in the area of visualization and image
modeling technologies.
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Table 2 a. Summary of multi-dimensional visualization technologies discussed in the selected
articles

No Technology Description and application area Related articles
[percentage of related
articles %]

1 2D vision tracker and
sensor

Vision tracking technology used
in construction projects for
tracking site resources

[13, 14] [6.8%]

2 3-D scan and modeling The 3-D model provides a virtual
representation and visualization
of project components. The data
of the model can be used to
automate construction activities,
progress imaging and tracking,
review plans, bridge inspection;
falsework inspection, tracking
construction equipment and
materials

[11, 12, 15–24] [41.3%]

3 4-D scan and modeling 4-D model with progress imaging
photographs is used in
visualization of construction
Progress and monitoring with 4D
simulation

[25, 26] [6.8%]

4 Virtual reality (VR) VR superimposes a
computer-generated image and
provides a composite view. It is
used in comparing installed work
with drawings and specifications
and bridge modeling

[27, 28] [10.3%]

5 Augmented reality (AR) Similar to VR, AR gives the user
a view of the real world and. It is
used in comparing installed work
with drawings and specifications,
bridge modeling, and inspector
training

[27] [6.8%]

b. Summary of camera image-based technologies discussed in the selected articles

No Technology Description and application area Related articles
[percentage of related
articles %]

1 Video camera (VC) and
image capture camera

VC is telepresence technology
that has the capacity to stream
high-quality video images of
construction site to members of
the project team who are not
physically present at the jobsite. It
is used in bridge inspection and
monitoring construction progress

[29–33] [17.2%]

(continued)
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Table 2 (continued)

No Technology Description and application area Related articles
[percentage of related
articles %]

2 Time delayed
integration (TDI)
camera

TDI is a scan system takes
multiple pictures of the same line
image and add them up to get an
amplified image. It is automated
cracking- survey system of
pavement surface

[34] [3.4%]

3 High-resolution
automated cameras
(HRC)

HRC is a remotely operating
technology that can provide
construction management and
other users with imaging feeds of
job site activities such as tracking
and updating project schedules

[35] [3.4%]

4 Thermal infrared (IR)
imaging

IR is remote sensing technology
used in assessing bridge deck and
superstructure condition

[12] [3.4%]

5 Electro-optical (EO)
satellite and airborne
imagery

Airborne and remote sensing
technology used in assessing
condition of infrastructure such as
bridges

[12] [3.4%]

6 Dual-light inspection
(DLI)

DLI is used to categorize image.
It consists of image capture,
subtraction, enhancement, and
classification. It is used in
pavement surface surveying and
distress detection

[36] [3.4%]

7 Mobile phone camera HeadLight mobile technology
system and application used in
inspection of different
construction elements

[4, 37] [6.8%]

c. Summary of other relevant technologies discussed in the selected articles

No Technology Description and application area Related articles
[percentage of related
articles %]

1 Photogrammetry The photogrammetry is the
practice of extracting precise
geometric measurements from
photographs. The photographs are
typically acquired from airborne
platform. It is used in bridge deck
and superstructure photographing,
progress measurement, and
reporting of construction work

[11, 12] [6.8%]

(continued)
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Table 2 (continued)

No Technology Description and application area Related articles
[percentage of related
articles %]

2 Building information
modeling (BIM)

BIM is the process of developing
and using a computer-generated
3D/4D geometry model to link
and analyze data related to the
inspection, evaluation, and
compare with the as-planned
construction elements such as
bridge components. Therefore,
the planned state at any time can
be derived and compared with the
actual construction state

[38] [3.4%]

Fig. 2 Percentage of the
selected articles published in
each journal
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4.2 Summary of the Examined Technologies in the Reviewed
Articles

One of the objectives of this study is to categorize inspection technologies and iden-
tifying the purpose of using each technology, the construction element was inspected
by these technologies, and technologies were highly examined by researchers
or required less attention. Table 2a–c shows the reviewed types of visualiza-
tion and image modeling technologies as follows; multi-dimensional visualization
technologies, camera image-based technologies, and other technologies such as
Photogrammetry and BIM.

As shown in Table 2a–c, 14 construction technologies were used in visualizing
and imaging inspection of different construction elements. These technologies may
assist construction inspector to check construction progress and quantities, compare
installed work with drawings and specifications, and track construction resources
such as materials delivery. It can be seen in Table 2a that more than 40% of the
reviewed articles have focused on 3-D scan and modeling technology, whereas tech-
nologies such as time delayed integration (TDI) camera, high-resolution automated
cameras (HRC), dual-light inspection (DLI), thermal infrared (IR) imaging, electro-
optical (EO) satellite and airborne imagery, and dual-light inspection (DLI) have
less than 4% of the current research trend. Technology such as photogrammetry is a
salient example of visualization tool. The photogrammetry extracts precise geometric
measurements through photographing of objects, which is typically acquired from
airborne platform. Examples of construction elements and activities inspected by
the photogrammetry technology are bridge deck, progress tracking, and reporting of
construction work [11, 12].

5 Discussion

Two areas of discussions have risen during result analysis, including: (1) current
implementation and integration of visualization and image modeling technologies to
achieve greater synergy and (2) future research directions.

The literature shows that emerging technologies have the potential to revolutionize
the future of the construction industry through automated construction operations,
and the visualization and image modeling lie among these technologies. Amalgama-
tion of two or more of the e-inspection technologies showed a promising potential to
overcome limitations of some of these technologies. For instance, 3D scanning was
used to support progress measurement and project control. However, 3D scanning
has limitations of the long time required to perform a single scan and the number
of scan-positions necessary to acquire accurate information. To address these limi-
tations, 3D scanning was integrated with photogrammetry. The result was enhanced
speed and accuracy of data collection from construction site [11]. Another promising
e-inspection area is connecting the visualization and image modeling technologies
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to project database via internet of things (IoT). Where, the IOT uses the internet
connectivity to form a platform that is used to execute any specific function through
the network. Connecting the visualization and imagemodeling deviceswith everyone
in all times and locations of the project using the built-in wireless connection eases
the monitoring and control process of project for inspectors [39]. The current trends
suggest some possible directions for the future research in the area of integrating e-
inspection technologies. In particular, the literature review revealed that some signif-
icant problems are still exist on how to transfer data and models from application or
device to another [12, 21], which require more investigation.

Emerging technologies continue to evolve, and new technologies are becoming
more accessible for a wide range of highway construction applications. Table 2a–
c presented description and application of 14 different visualization and image
modeling technologies used in construction inspection. This may help transporta-
tion agencies identify what and how to inspect by these technologies. Research trend
of developing the visualization and image modeling technologies during the past two
decades indicated that certain areas of research become more salient, while others
require less attention. For instance, the highest focus of research effort is on the
technologies of 3-D scan and modeling (>40 of the reviewed articles). In contrast,
technologies such as HeadLight mobile application, EO, and DLI have had less
attention from researchers (examined in one article or academic report). This can be
explained that, compared to the 3-D modeling, these are recent-new technologies,
still under evaluation, and have had limited deployment in transportation construc-
tion inspection [4, 40]. However, technology such as TDI is exist for more than a
decade and still has less research development [34, 35]. In the future, researchers
may need to explore why some possible technologies that are existed for a long time
have not been applied widely. Additionally, practitioners may identify why these
technologies have not been utilized more frequently in practice, and how to avail the
construction industry better of the possible benefits of these technologies.

6 Conclusion

The three-phase research approach has been performed in this study to conduct
content analysis of literature on the visualization and image modeling technologies
used in construction inspection. First, construction engineering and management
related journals that have an important CiteScore and SJR impacts were selected.
Second, advanced search for e-inspection relevant articles between 2000 and 2021 in
these journals has been conducted. Finally, by analyzing articles, the search resulted
in 29 articles from11 journals.Additionally, six academic reportswere also reviewed.

The result of analyzing these articles showed increased number of publications
and research effort in the area of visualization and imagemodeling during the last two
decades. 14 technologies shown in Table 2a–c were employed in variant construction
inspection and testing processes. The current research and application directions of
merging two ormore of the e-inspection technologies showed promising potentials to
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overcome limitations of some of these technologies. While some of the e-inspection
technologies have proven their feasibility, there are a considerable number of other
technologies are still under evaluation and have had limited deployment in highway
construction inspection.Overall, although these technologies are still in an innovation
or seed phase, it can be expected that with continued effort put into research and
development, they may soon approach the growth phase and encounter adoption by
transportation agencies on a larger scale.

This study suggests future research directions. For integration purpose, there is a
need for approaches that transfer data between the different e-inspection technolo-
gies. Researchers and practitioners need to explore why some e-inspection technolo-
gies that existed for a long time have been utilized less frequently in practice. The
findings of this study are of value to researchers and industry practitioners seeking a
useful reference on adopting new technologies in highway construction inspection.
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AMarket Accessibility Study
of the Inland Waterway System
in Mississippi

Y. Zhang, F. Zhang, C. Prine, A. Tripathi, and S. Puryear

1 Introduction

“Blue Economy”, defined as “the sum of all economic activity having to do with
oceans, seas, harbors, ports and coastal zones” [1], refers to a wide range of economic
activity in the maritime sector. This definition drew from the work of Dr. Judith
Kildow as published by the National Ocean Economics Program in The National
Report: State of the U.S. Ocean and Coastal Economies, 2009. Given the unique
geography of the state of Mississippi, it becomes a major competitor in terms of
the “Blue Economy” related activities. An analysis conducted by professionals from
TheUniversity of SouthernMississippi initiatively identified an entireBlueEconomy
system in the state and recommended strategies to reach its fullest potential [2]. In
Mississippi, 25 million tons of goods has been moved through the Port of Gulfport
every year. But the maritime economy extends far beyond the sea ports and ocean to
include all waterborne and land systems, such as river ports, various transportation
means on land, and port-dependent industries. To realize the potential of the entire
Blue Economy system, river ports also need to be integrated and utilized with other
freight systems so to maximize their competitiveness in maritime freight and Blue
Economy.
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To address this need, the study aims to quantify the potential of each port to
interact through tradingwith industries that rely onwaterborne transportation. Goods
movement through each port was summarized to track the changes in the traffic and
more importantly identify the port-dependent industries. An intermodal network
consisting of ports, railways, highways, and counties were developed to analyze the
traffic movements and costs on different freight routes. This network is the first of
its kind in the State of Mississippi. The intermodal network provides the necessary
foundation for the state of Mississippi to model any future change to the freight
system, either at nodes or on links. The accessibility assessment identifies ports with
the highest potential in terms of their capability to serve port-dependent industries
in the state. This assessment can also be used in the future to explore uncovered new
markets and niche services for the ports.

2 Overview of Mississippi Port Traffic

According toMississippi Department of Transportation [3], there are 16 public ports
in Mississippi, including:

• Gulf Coast ports—Bienville, Gulfport, Biloxi, Pascagoula.
• Mississippi River ports—Rosedale, Greenville, Vicksburg, Claiborne County,

Natchez.
• Tenn-Tom ports—Yellow Creek State Inland Port, Itawamba, Amory, Aberdeen,

Clay County, Lowndes County.
• Yazoo River Port—Yazoo County.

One thing to be noted here is that the 16 ports of Mississippi are owned and oper-
ated by various entities. Yellow Creek State Inland Port and the Port of Gulfport are
the two ports owned by the State of Mississippi. Other ports are publicly owned but
sometimes operated by private companies. For example, the Port of Amory, Vicks-
burg, and Columbus are owned by the cities but operated by Watco Companies,
LLC, which is a transportation company providing terminal and port services. The
Clay County Port, also named as “Raymond D. Lucas Memorial Port”, is owned
by the county but managed by the local drayage companies. Another thing worth
mentioning is that while all the ports are functioning as transportation terminal facil-
ities for moving goods, the Port of Biloxi is mainly a recreational marina with piers,
boat ramps, fishing bridges, and boat launches.

2.1 Waterborne Traffic Volumes

The freight statistics summarized here serves as an update of a study conducted by
Cambridge Systematic, Inc. for MDOT [4]. In that study, data of 2011 drawn from
the U.S. Army Corps of Engineers Waterborne Commerce of the United States was
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used to summarize the port traffic by direction, by port, and by commodity type.
This study provided an update of the statistics using data from 2011 to 2017 from
the same data source [5]. The volume of goods recorded in the waterborne database
were measured by the unit of short ton. One short ton equals to 0.91 metric ton, and
0.89 long ton. In this study, short ton is used as the unit for all the waterborne traffic
volumes and is short formed as ton.

A total of nearly 45.807 million short tons of freight was shipped through Missis-
sippi ports in 2017, including shipments by water to, from, and within individual
ports. This number reveals a 17% decrease from the 55.158 million short tons in
2011. Individual ports have various performances. The tonnage through Yazoo had
a 57% increase compared to itself, followed by the Port of Natchez’s 51% increase
and Greenville’s 16% increase. At the same time, a 65% decrease occurred to the
Port of Biloxi, companied by a 30% loss at the Port of Pascagoula.

2.2 Types of Goods

A total of 45.807 million tons of freight shipped through Mississippi ports in
2017 consists of multiple types of goods, including manufactured equipment and
machinery, chemicals and related products, coal, lignite and coal coke, crude mate-
rials, inedible except fuels, food and farm products, petroleum and petroleum
products, and primary manufactured goods.

More than half of the total tonnage handled by the state’s ports is petroleum and
related products. These commodities accounted for almost 28 million tons in 2017.
The next largest commodity group is chemicals and related products at just over 7.3
million tons, with almost the same share (both carries 14% of the total) as the group
of food and farm products. A comparison of these breakouts between 2011 and 2017
reveals the trend of a greatly enlarged share of food and farm products and a slightly
enlarged share of chemicals and related products at the expense of a shrunk share of
petroleum and related products.

3 The Statewide Intermodal Network

3.1 Network Building Blocks

Transportation modes included in this study are limited to truck and rail shipping
since the goal is to investigate the ports’ accessibility to their markets on the land
side instead of the waterway side. The resulting intermodal network is composed
of two primary sub-networks, namely the highway network and the rail network in
Mississippi. Since the goal of the study is to assess ports’ accessibility to potential
markets that depend on port-related shipments, it is natural to understand that the 16
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ports of Mississippi will be used as origins for shipments. However, the selection of
destinations requiresmore consideration. Theway to identify those potential markets
requires economic related data such as location quotients of industries, which will
be discussed later. Thus, destinations need to be the places where the economic
data can be collected successfully. The space unit for such data collection is county
level, which means economic activity data will be collected and aggregated for each
county. The geographic centroid point of each area shape of a county will be used
as the approximate center for the economic activities within that specific county.
As a result, 82 county centroids were included in the network model for further
calculation.

The abovementioned single-mode networks, origins, and destinations, were
connected by a set of intermodal transfer terminals or load centers where containers
are off-loaded from one mode and loaded onto another. In this intermodal network
model, a terminal facility is composed of gates and transfer links inside the terminal.
A terminal gate represents the connection between a single-mode network and an
internal transfer function. A terminal transfer link serves to represent the processes
involved in the transfer of shipments from the original mode to the next mode, or vice
versa, within a terminal. Connection between a single-mode network and a gate is
represented by a bi-directional link egressing from or accessing to that transportation
mode. For highways, access links represent local streets that serve as collectors for
the arterials in the national highway network. For rail, access links represent indus-
trial spurs not contained in the rail network. For waterways, access links represent
the distance across a broad channel or harbor to a dock.

Collecting detail shipping cost information is a task that is clearly beyond the
scope of this study. Instead, we adopt the approach implemented by CTA to esti-
mate impedances for each link element of the intermodal network, namely single-
mode network links, terminal transfer links, and egress/access links. The approach of
impedancewas also usedbymanyprevious studies [6–8].CTAcalibrated impedances
for a generic commodity in such a way that the characteristics of flow distribution
between origins and destinations recorded in the 1997 Commodity Flow Survey
(CFS) are best reproduced. It should be stressed that the overall system of shipping
impedances is designed to produce modal route selections in line with CFS freight
survey data, rather than to estimate actual freight shipping costs.

Impedance of a transfer link capture all the processes and costs involved in the
transfer of shipments within a terminal, for example, loading, unloading, break bulk,
storage, drayage, etc. Impedance of a highway link derived from the mileage, speed,
presence of a toll, truck route destination, and the urban/rural functional class of
the corresponding link in the real-world shipping network. Impedance of a railway
link is determined by the “main line class” and an evaluation of line importance, by
annual traffic volumes [7]. Since the access links are defined as the subset of either
the highway network or the railway network, their impedance values are defined in
the same way as it is for the highway or railway links.

For each shippingmodel, the impedance value is normalized so that approximately
one impedance unit corresponds to shipping onemile on a link under the best possible
conditions for this mode. Highway impedances typically range from 0.9 times the



A Market Accessibility Study of the Inland Waterway … 451

link mileage for rural interstates, to 5 times the mileage for two-lane urban streets or
unpaved rural roads. Rail impedances also vary between 1 time the mileage for A-
mainlines to 4 times the mileage for the lowest traffic B-branch lines. Impedances on
access links are 5 times the mileage of the link, including its 20% circuity. Waterway
access impedance includes its straight-line distance. The impedance function for
terminal links is in a simple look-up table based on the type of terminal.

3.2 Connecting the Building Blocks in ArcGIS

In ArcGIS, all the building blocks needed in establishing the intermodal network can
be classified into two groups: links and nodes. In the intermodal network, highway
and railway links are the physical facilities where movement of goods occur. Access
links physically or logically connect ports, county centroids, and terminal gates to
highways and railways. Transfer links serve as logical connections to move goods
from one transportation mode to another within terminals. In such a way, all the node
and link layers are connected to each other to establish the first-of-its-kind intermodal
network. The Port of Gulfport intermodal network shows the intricacies of the access
points as in Fig. 1.

3.3 Modeling the Goods Movement on the Intermodal
Network

Two types of transportation modes are included in the study: moving goods from
ports to markets by “truck only” and by “truck+ train”. Since the goal of the study is
to assess the accessibility of ports to their potential markets, goods movements from
ports to county centroids are the subjects of the freight modelling in the intermodal
network. Thus, there are various types of movement chains modelled. For example,
in the intermodal network, goods can be shipped from a port to a county by using the
direct access link, by transferring from a barge to a truck and then moving through
highways to a county, or by transferring from a barge to a train and then moving
through railways to a county. If intermodalization is needed, the goods from a barge
can be handled in the terminal and transshipped between trucks and freight trains as
needed to reach the destination county.

Endless combinations of such movement chains can be generated from an origin
to a destination. However, to calculate the accessibility index, only the route with
the smallest impedance value will be recorded for further analysis. To find the “least
impedance route”, the built-in tool inArcGIS called “Closest Facilities”was used and
the total impedance for each “best route” was recorded for each origin–destination
pair. Optimized routes found with the lowest impedances between ports and county
centroids were charted in Fig. 2. The green lines show the routes with the lowest
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Fig. 1 Part of the intermodal network near the port of Gulfport

impedances between certain pairs of ports and county centroids using only highways,
while the red lines are that of using highways and railways. It is found that most of
the routes stay the same when switching from single mode network to intermodal
network. The only difference occurs at the northeast corner of the network, where
the ports on Tenn-Tom waterway seat. The impedance values of the routes will be
used in the accessibility calculation in the next section.

4 Accessibility Assesment

A priority goal of any transportation system is to grant access to certain destinations.
As a place-specific concept, accessibility relates to the ability to have interactions
with other locales. Accessibility represents how easily spaced-out economic opportu-
nities can be apprehended through trade from a reference location, using a particular
transportation system [9]. Similar to an array of transportation modes that are physi-
cally distinct from one another, waterborne transportation also depends on effective
connections and coordination among ports and other modes to be competitive and
to provide value to shippers. The accessibility of a port could quantify its ability
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Fig. 2 Optimized routes between ports and county centroids

to apprehend port-dependent economic opportunities. A higher accessibility index
implies higher potential for a port to be used in port-related shipments.

4.1 Accessibility Formula

A thorough review of accessibility measurements was conducted to determine the
approach to use in this study. Location-based measures of integral accessibility asso-
ciate proximity factors such as distance between origins and destinations with acces-
sibility of a destination location. These measures represent the economic attractive-
ness of a location, taking into account the trade and interaction opportunities offered
by other locations and the impedances to reach them in a transportation network [10,
11]. This is exactly what the study wants to assess for each port in Mississippi. In
order to take into account the impeding impact of distance between two locations
on the accessibility, a gravity-type potential accessibility measure was chosen, as
represented by Eq. 1. The gravity-type measure assumes that two places will interact
with each other in proportion to the product of their interaction activity level and
inversely according to some function of the distance between them.
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Ai =
∑

j∈L
M j f

(
Ci j ;β

)
(1)

In this equation,Ai is the measure of accessibility at port I; L is the set of all poten-
tial markets;Mj is the mass of economic opportunities available at potential market
“j”. f (cij;β) is the impedance function of shipping cost. Gravity style impedance
function is chosen to quantify the relationship between impedance on a route and its
attractiveness to a shipment; cij is the shipping cost from port i to market j by the
multimodal or single modal network. It could be time cost or money cost. In this
study, this cost will be estimated by impedance values from the Center for Trans-
portation Analysis (CTA) at Oak Ridge National Lab (ORNL); β is the coefficient
that represent how sensitive the impedance is to the change in shipping cost. In this
study, three levels of β, 0.0030, 0.0023, and 0.0014, will be used to represent highly,
medium, and low sensitive scenarios respectively. All the underscored key variables
will be customized and discussed in the next section.

4.2 Accessibility Formula Customization

As shown in Eq. 1, the metric of place accessibility adopted in this study can be
considered as a weighted average of the mass of economic opportunities available in
all possible freight shipping destinations—counties, in the state of Mississippi. The
identification of what should constitute the mass term can be problematic. Previous
studies usually used population, gross regional product, or a surrogate measure of
economic opportunity that is designed as a combination of a final demand (personal
consumption expenditure) and intermediate demands (purchases) of manufactured
goods, for the mass term. These may not be enough to represent the economic power
that a place may have to generate containerized freight traffic that mainly depends
on port transportation. Therefore, as shown in Eq. 2, we suggest using LQ index to
represent the economic activity level of port-dependent industries at county level.

LQi j = Ei j/Ei

EUS, j/EUS
(2)

In this formula, Eij is County i’s employment in port-dependent industry group j;
Ei is Total employment in county i;EUS, j is totalU.S. employment in port-dependent
industry group j;EUS is total U.S. employment. LocationQuotient (LQ) is a valuable
way of quantifying how concentrated industry, cluster, occupation, or demographic
group is in a region as compared to the nation. It can reveal what makes a particular
region “unique” in comparison to the national average. Location quotient is ratio
that compares a region to a larger reference region according to some characteristic
or asset. Industry LQs are calculated by comparing the industry’s share of regional
employment with its share of national employment. Suppose that Breweries account
for 0.16% of all regional jobs but only 0.015% of all national jobs. The regional
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LQ for Breweries which then be (0.16/0.015) = 10.67, meaning that Breweries are
nearly 11 times more concentrated in the region than average.

This study employs the industries identified in the port economic impact study
funded by MDOT in 2014 as the target customers for port authorities [3]. According
to the Cambridge study, Mississippi’s top port-dependent industries are Petroleum
and mining products, Chemical manufacturing, Agricultural production and support
activities, Steel manufacturing, Shipbuilding, and Seafood product preparation and
packaging. Based on these findings and the additional investigation of the industry
supply chains, this study chose eight industries as the port-dependent industries for
further analysis, including Crop Production, Animal Production and Aquaculture,
Forestry and Logging, Mining (except Oil and Gas), Wood Product Manufacturing,
Petroleum and Coal Products Manufacturing, Chemical Manufacturing, Transporta-
tion Equipment Manufacturing. One thing to be noted is that identifying industries
who might purchase or sell the products handled by Mississippi ports is a complex
work which deserve a whole separate study.

TheLQs of the port-dependent industrieswere obtained fromEconomicModeling
Specialists International (EMSI), a widely used labor market analysis software.
Industry NAICS codes that represent the port-dependent industries were entered
into EMSI to query the corresponding LQ index in each county inMississippi. These
numbers were based on the employment data from 2013 to 2018. The outputs of the
LQ query is a list of counties and the corresponding LQ values of the port-dependent
industries in the counties.

The deterrent effect of the transportation cost on potential freight flows was
modeled by the exponential function expressed as in Eq. 3.

f
(
Ci j

) = exp(−βCi j ) (3)

The exponential function is particularly useful in handling the ‘self-potential’
problem which happens when i = j, cij = 0. Since exp(0) = 1, the case of cij = 0 is
trivially handledby the exponential function and the entirety of trade opportunities are
accounted for in the estimation of accessibility scores [12]. As discussed previously,
in this study the shipping cost is represented by impedance values on each route.

Ideally, the shipping impedance decay parameter β, should be directly estimated
based on the real relationship between the real regional freight flow data and the
shipping impedance along different routes. However, this is beyond the scope of
this study, which is to showcase the capability of using accessibility to quantify
the potentiality of a port compared to other peers. Thus, three alternative values
were assumed for β, each one being consistent with a hypothetical, though realistic,
scenario. In the first scenario, shipping costs were assumed to weigh most heavily on
freight-flow distribution between ports and county centroids, where the direct effect
of economic opportunities—LQs, on flow attraction was discounted by 95% for a
shipping impedance of 1000. The second scenario assumed a reduced response of
freight flows to shipping impedance, with the effect of the economic opportunities
discounted by 90% for an impedance of 1000. The third scenario assumed theweakest
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Table 1 Accessibility
indices for the 16 ports in
Mississippi using
highway-only network and
intermodal network

Port name Accessibility

By highway
only

By intermodal
network

Increase

Yazoo county
port

14.68742156 14.68742156 0

Aberdeen 13.99885243 14.00544886 0.006596

Amory 12.9282955 12.93438747 0.006092

Natchez 12.92300215 12.92300215 0

Claiborne
county

12.49721418 12.49721418 0

Rosedale 10.99040657 10.99040657 0

Lowndes 8.950558715 8.957035891 0.006477

Gulfport 4.657221595 4.657221595 0

Yellow Creek 4.094965045 4.094965045 0

Clay county 3.991234784 3.991234784 0

Itawamba 3.795813703 3.795813703 0

Bienville 3.424488916 3.424488916 0

Vicksburg 2.830791029 2.831122721 0.000332

Greenville 2.692794336 2.692794336 0

Biloxi 2.482679901 2.482679901 0

Pascagoula 2.370151127 2.370151127 0

impedance decay effect on freight flows, where the effect of the economic opportuni-
ties was discounted by 75% for an impedance of 1000. The resulting three parameters
are 0.0030, 0.0023, and 0.0014, respectively, as suggested in a report published by
the state of Indiana [13]. In this study, the second scenario with medium level decay
parameter β = 0.0023 was used for the demonstration of the accessibility method-
ology, because domestic shipping is more in line with the assumptions of scenario 2
[6].

Gravity-type accessibility measures were first computed on the highway network
and subsequently on the intermodal network described above. Measures derived on
the basis of the national highway network were taken as the baseline against which
the reality of intermodal goods movement by using highway and railway networks
was compared. When accessibility is modeled on the intermodal network, the least-
impedance shipping route from a given origin to a given destination is either an
all-highway route or a combination of highway and rail segments, depending on the
respective route impedances calculated by ArcGIS’ Network Analyst tool. When
modeled this way, intermodal accessibilities cannot be worse than highway accessi-
bilities computed under the same model parameterization. Therefore, discrepancies
between the highway and intermodal accessibilities can be imputed entirely to the
benefit of intermodalization. Table 1 contains statistics on the accessibility measures
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computed at 16 ports for of the second scenario of the exponential impedance function
which is discussed earlier.

According to Table 1, the accessibility indices exhibit large variations across the
state, within a range of 2 to 15. The comparison between highway-only network
and intermodal network proves that using intermodal network for goods shipment
could increase the accessibility of a port. For example, the Port of Aberdeen, Amory,
Lowndes, and Vicksburg all have an increase in their accessibility switching from
singlemodenetwork tomulti-modenetwork.However, this increase ranges from0.01
to 0.07%, which means that adding railways to intermodalize the freight network has
very limited benefit on the accessibility performance of the entire network. A port
with a higher accessibility index implies that it has higher potential to be involved in
port-related shipments. Yazoo County Port is well ahead of its peers and rankedNo. 1
among the 16 ports, followed by Aberdeen, and Amory. Pascagoula is ranked the last
position in this ranking, with Biloxi, and Greenville having very close accessibility
values. Based on the accessibility indices, a map of the accessibility indices, shown
in Fig. 3, is also provided to visually illustrate the distribution of the capability of
ports to access their markets.

Fig. 3 Port accessibility distribution and change by using single mode and intermodal networks
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5 Conclusions and Limitations

This study established a quantificationmethod formarket accessibility of eachwater-
borne port in Mississippi, including both sea ports and river ports. An intermodal
freight network has been established for the state of Mississippi. This network
consists of physical facilities such as ports, highways, railways, terminals, and
transfer/access links that connect all the physical facilities. This network is the first
of its kind in the state and able to optimize shipping routes with regard to any type
of cost. Based on this intermodal network, an accessibility quantification method
was developed to transfer best practices of this concept into a river ports evaluation,
with an adjustment to accommodate port related industry needs. Using this method,
accessibility of each port to its potential markets was calculated using a single-mode
network (highway only) and intermodal network (highway and railway). Although
this study has some unique contributions, the authors also realize that there are
limitations of this study and recommendations of future studies are summarized as
follows.

5.1 Impedance Update

The impedance values used in this study was calculated by CTS based on its goal to
reproduce the freight distribution patterns same as it was surveyed in 1997. Thus, the
impedance does not directly relate to either the time cost or shipping fee involved
in traversing each facility. In addition, this impedance values have not been updated
since its first introduction. Network improvements after 2000, related to freight facili-
ties and routes, were not reflected in the data source. Last but not least, the data source
was established to represent the national network, which could neglect local routes
and facilities. To address these issues, an updated impedance dataset containing accu-
rate shipping cost in both time and monetary units should be developed in the next
study to reflect recent and local efforts in improving freight transportation. Further-
more, the accessibility measures quantified here are based on current transportation
network. So that the priority of a port’s potential in shipping is of current-state. If
planned transportation network changes can be reflected into the network data by
updating the impedance values for each network link, then a future-state accessibility
potential of a port can be estimated as well.

5.2 Expanded Potential Markets

The markets considered in the accessibility assessment are those locations within
the state of Mississippi. However, regions on the border between Mississippi and
its neighboring states, such as Alabama, Tennessee, Arkansas, and Louisiana should
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also be considered for more comprehensive results. Adding these expanded regions
could increase the accessibilities of ports on the border of the state. It also can uncover
new unknown markets and capabilities for specific port authorities.

5.3 Crosswalk from Port Handled Products
to Port-Dependent Industries

The list of industries used in this study is only based on a similar study conducted
by Cambridge Systematics, Inc and a preliminary study on industry sales and supply
chains. A further study should be conducted to focus on the crosswalk between
products and industries. The authors suggest to investigate all the industries related to
each product type, including both downstream user industries and upstream producer
industries. Product sales and industry supply chains should be repetitively compared
andmatched to select industrieswhomight be using a certain product as its production
material or who might be selling a certain product as its end product.
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Construction of Rigid Pavement
in Emerging Economies: Challenges
and Opportunities

Anh D. Chau, Hiep T. Hoang, Long D. Nguyen, and Long Le-Hoai

1 Introduction

Infrastructure in general and transport infrastructure in particular are the physical
foundation that plays a particularly critical role in the country’s socio-economic
development. An efficient transportation system helps promote production and busi-
ness activities, reduce the transport costs, respond to the travel needs of the society,
and connect economic regions. Vietnam is one of the emerging economies in South-
east Asia where the development of road transport infrastructure is significant for
the country’s development. In fact, the [3] indicated that Vietnam has spent around
5.7% of the Gross Domestic Product (GDP) every year in infrastructure which is
the highest in the region. The question is how the country can effectively use and
manage that large infrastructure budget to continue to maintain and leverage the
growth of the emerging economy. Although the question pertains to multiple facets
of infrastructure development, this paper focuses on the development of roadway
construction. Addressing this question sufficiently is expected to provide the lessons
from which other and similar economies may learn.

Although concrete structures have a long history in human history, it was only
until 1865 that the first concrete pavement was constructed in Inverness, Scot-
land [1]. Since then, rigid pavement (i.e., concrete pavement) has continued to
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evolve and expand to most countries in the world, especially in developed coun-
tries (e.g., U.S., Canada, Germany, Austria, China, Australia) [18]. Nowadays, rigid
pavement still receives much attention from academic scholars and professional
managers. Conferences about rigid pavement research and development are often
maintained annually. However, the use and expansion of rigid pavement is still rela-
tively limited in emerging economies [19]. Although several studies have recently
begun to examine the technical and structural aspects of rigid pavement application
in Vietnam [9, 26], there is very little research exploring the management consid-
erations on applying rigid pavement. Therefore, this study explored management
considerations on applying rigid pavement using data from a survey instrument on
opportunities and challenges of rigid pavement design and construction. Based on
the result of the analysis, this paper discusses implications for enhancing the use of
rigid pavement in Vietnam. The paper is to contribute to the limited but growing
literature on the application of rigid pavement in emerging economies.

2 Literature Review

2.1 Road Pavement

The road pavement is a combination of subbase, base, paving geotextiles, and surface
courses which supports and distributes the traffic load to the roadbed [13]. Since the
road pavement is directly impacted by repeated traffic loading and natural factors
such as sunshine, rain, humidity, and fluctuations in temperature, the cost of road
pavement often accounts for the largest proportion of the road construction cost.
In operation and maintenance, road pavement is also the component where money
is mostly spent [27]. Therefore, the quality of the road pavement directly impacts
the quality of uses, operation and maintenance costs, and safety of transportation.
Generally, there are various types of road pavement such as flexible pavement (i.e.,
asphalt pavement), rigid pavement, composite pavement, semi-rigid pavement [8].
This paper focuses only on rigid pavement and uses flexible pavement as a baseline
for comparison.

Flexible pavements use bituminous or asphalt materials which causes the pave-
ment structure bends or defects overtime due to the traffic load [8]. Most of
the runways in the world use flexible pavement due to the ease of construction
compared to rigid pavement. Rigid pavement uses hydraulic cement concrete which
is constructed on a granular base layer over the subgrade soil [31]. Compared to
flexible pavement, rigid pavement is substantially harder due to the high modulus
of elasticity of cement concrete. In several countries, rigid pavement is considered
synonymous with “long life”, which describes the high durability, long service lives
(i.e., 25, 30 or more years), and little if any maintenance required [18]. Technically,
rigid and flexible pavement have the main difference on the distribution of the traffic
load. Due to the high stiffness, rigid pavement distributes load over a wider area
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which makes the rigid pavement have a higher durability, compared to the flexible
pavement [31].

2.2 Rigid and Flexible Pavements

To emphasize the importance of rigid pavement, a literature review is conducted
on the differences between rigid and flexible pavements. To provide a comprehen-
sive comparison, the result is categorized based on the three sustainability pillars:
environmental, economic and social [7]. Sustainability is one of the most important
issues in the construction industry and academia. In fact, sustainable infrastructure
is one of the first fundamental principles in the American Society of Civil Engineers
Code of Ethics (i.e., “create safe, resilient, and sustainable infrastructure”) [2]. The
Infrastructure Voluntary Evaluation Sustainability Tool (INVEST) developed by the
U.S. Federal Highway Administration (FHWA) also aims at improving this sustain-
ability triple bottom line [14]. In addition, the focus on sustainable construction and
development is especially important for an emerging economy like Vietnam which
is seeking for a reconciliation between economic and environmental development
[25, 32]. Due to the limited space on this paper, we would like to focus only on
several essential characteristics among the three sustainability pillars. The result of
the literature review was summarized on Table 1.

In general, most studies supported the use of rigid pavement due to many benefits
it provided. Zaabar and Chatti [34] study showed that trucks driven on flexible pave-
ment consume around 4% more fuel than rigid pavement. In addition, since flexible
pavement requires much more frequent maintenance and rehabilitation, excessive
fuel can be wasted due to the traffic delays [5]. Rigid pavement also emits less
carbon dioxide (CO2) than flexible pavement during construction, maintenance, and
operation. Batouli et al. [5] found that flexible pavement produced 61 times higher
CO2 compared to rigid pavement during the maintenance phase. On the other hand,
flexible pavement tends to have a better recyclability than rigid pavement. Although
[20] found that flexible pavement in the U.S. was recycled in larger quantities than
rigid pavement, they also concerned the large uncertainty in the data that skewed
their results.

A typical service life of rigid pavement is 25–30 years while flexible pavement is
around 10–15 years [12, 20]. However, using these average numbers in service life
estimation is not appropriate because the service life of any pavement is also impacted
by various factors such as climates, materials, subgrade, and traffic. Nevertheless,
rigid pavement is generally expected to have a long service life compared to flexible
pavement [18]. A recent study showed that flexible pavements in the tropical region
with overloaded vehicles lose their serviceability after five years and hence do not
sustain for the longer design period [19]. The service life is one of the factors which
directly influences the costs of the pavement. Although rigid pavement required a
large initial investment, they often have lower life cycle costs due to the longer service
life and low maintenance cost [5, 19, 30]. Nevertheless, the life cycle costs for rigid
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Table 1 Rigid pavement and
flexible pavement

Compared
characteristics

Better performance

Rigid pavement Flexible pavement

Environmental

Lower fuel
Consumption

[34]

Global warming
potential

[5]

Recyclability [20]

Economic

Longer service life [18, 30]

Lower initial
Investment

[16]

Lower life cycle
costs

[5, 19, 30]

Social

Better nighttime
Visibility

[23, 29]

Quiet ride [6]

Safety in
Construction

[20]

Less congestion [18]

and flexible pavement might largely vary depending on the construction locations
(e.g., different climates and countries).

For the social dimension, rigid pavement appears to have a better visibility at
night. Smith and Jolly [29] discussed that rigid pavement reflects light in a diffuse
manner while flexible pavement reflects light in a slightly spectral manner. On the
other hand, flexible pavement appears to generate less noise than rigid pavement
[6]. For safety, flexible pavement produces a large amount of asphalt fumes which is
highly hazardous for workers in construction [20]. Occupational exposure to asphalt
fumes was found to have association with early liver and kidney dysfunction as
well as hematological disorders [24]. As requiring less frequent maintenance and
rehabilitation, rigid pavement can improve the traffic safety and reduce congestion
[18]. In general, most studies agreed the use of rigid pavement better supports the
three sustainability pillars than flexible pavement.

2.3 Need for Rigid Pavement in Vietnam

Vietnam has been considered as one of the emerging and dynamic economies,
especially in Southeast Asia [4]. To maintain and enhance economic development,
Vietnam has paid great attention to investment in the road transport infrastructure.
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Road transport has served around 75.16% of all freight transport and 92.08% of all
passenger transported in Vietnam [33]. Therefore, the development of road transport
infrastructure is one of themost important goals of theVietnamMinistry of Transport
toward 2030 [33].

As a country that produces and exports a large volume of cement each year,
Vietnam has the potential to develop and apply rigid pavement structures, especially
to expressway projects. Since 2012, under the direction of the Prime Minister, the
Ministry of Construction and the Ministry of Transport had a signing ceremony to
increase the use of cement in the construction of transport infrastructure which aims
to prioritize the use of domestically produced products (e.g., cement), promoting
production and business, curbing trade deficit, saving energy and ensuring environ-
mental hygiene. However, rigid pavement currently is only applied to projects on
rural roads, some national highways and at some toll stations on the expressways. A
statistic from the [33] indicated that rigid pavementmakes up only 2.67% (i.e.,mostly
rural roads) of the total paved roads in Vietnam while flexible pavement accounts
for 94.67% (e.g., expressways, national roads). To unblock this bottleneck, there is
a pressing need in understanding the opportunities and challenges in applying rigid
pavement. Therefore, this study takes a nuanced approach to explore the opportunities
and challenges on the design and construction of rigid pavement.

3 Method and Analysis

To examine the opportunities and challenges of applying rigid pavement, we
conducted a literature review on previous studies. The initial survey instrument was
developed based on the result of the literature review. The instrument was then
improved via interviewing and consulting with professional experts who had exten-
sive experience on transportation design and construction (i.e., including the rigid
pavement). Through the instrument development, 11 opportunity and 15 challenge
items were identified for applying rigid pavement in an emerging economy (e.g.,
Vietnam). The final survey instrument was administered to another group of profes-
sional experts in Vietnam via the Google Form which is an online survey software.
This study uses a sample of 42 completed responses collected from the survey. The
demographic information of the sample was shown in Table 2.

In the survey, we asked participants for the level of agreement at each oppor-
tunities and challenges of applying rigid pavement using the 5-point Likert Scale:
(1) Strongly Disagree, (2) Disagree, (3) Neither Agree nor Disagree, (4) Agree, (5)
Strongly Agree. Means and standard deviations for each item were computed. The
result was disaggregated based on the role that participants have held in the trans-
portation projects (i.e., general contractor, consultant, and owner). This study used
the partially overlapping samples approach where the sample included some partic-
ipants experienced more than one role (i.e., there are small overlapping counts on
General Contractors, Consultant and Owner) [21]. Percentages of overlapping obser-
vations within each subset are: General Contractor (35%), Consultant (59%), Owner
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Table 2 Demographic of the study sample

Characteristics N %

Year of experience

0–5 years 7 17

6–10 years 6 14

11–15 years 13 31

above 15 years 16 38

Highest position held

Senior manager 5 12

Project manager 6 14

Head of department 14 33

Consultant 2 5

Engineer 15 36

Role in projects (some respondents experienced in multiple roles)

General contractor 17 40

Consultant 34 81

Owner 9 21

(56%). Although the common practice in quantitative studies is discarding paired
observations (respondents had overlapped roles), [10] discussed that the disposal of
observations might cause bias and substantially impact the statistical power when
sample sizes are small and/or the quantity of discarded observations are large. This
is especially more important where participants experienced overlapped roles in this
study are the one having the most experience in transportation design and construc-
tion. Therefore, the removal of these participants can create bias in the result. Derrick
et al. [10] study showed that some simple statistical approaches (e.g., t-tests) can still
be computed for the overlapping samples where assumption of normality has not
been grossly violated. In addition, this paper focuses on providing a simple general-
ization using descriptive statistics rather than seeking for any statistical significance,
so the use of partially overlapping samples approach is justifiable.

4 Result and Discussion

4.1 Opportunities of Applying Rigid Pavement

Table 3 showed the levels of agreement of participants at each opportunity item. In
total, item O2 (i.e., uses cement which is available from various production plants
distributed across the country) had the highest mean among the 11 opportunities.
Owners and investors also had the highest mean on O2. In fact, Vietnam recently
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Table 3 Opportunities of applying rigid pavement

Item Mean (Standard Deviation)*

Contractor Consultant Owner Total

O1. Has higher durability and longer service
life

4.18 (0.81) 4.45 (0.80) 4.00 (0.71) 4.21 (0.84)

O2. Uses cement which is available from
various production plants distributed across
the country

4.12 (0.86) 4.32 (0.95) 4.22 (0.97) 4.33 (0.79)

O3. Withstands the hot, humid, and rainy
weather

3.88 (0.70) 4.23 (0.75) 3.78 (0.97) 4.02 (0.84)

O4. Is capable to withstand high loads and
its bearing capacity increases overtime

4.13 (0.62) 4.05 (0.79) 3.67 (1.12) 4.05 (0.86)

O5. Current construction technology meets
requirements of rigid pavement

3.53 (1.07) 3.23 (1.07) 3.44 (0.88) 3.50 (1.02)

O6. Low maintenance costs during operation 4.13 (0.81) 4.05 (0.90) 3.44 (0.88) 3.93 (0.85)

O7. Consumes less energy during
construction and operation

3.38 (0.96) 3.57 (0.98) 3.33 (0.71) 3.54 (0.91)

O8. Less rutting, and better visibility at night 4.18 (0.53) 4.36 (0.58) 3.56 (0.88) 4.17 (0.73)

O9. The government management agency
plans to deploy pilot construction to promote
the rigid pavement

3.13 (0.99) 3.36 (1.14) 3.00 (0.71) 3.33 (1.03)

O10. Can be recycled to form new
aggregates in the composition of cement or
in the road foundation

3.07 (0.83) 2.91 (0.87) 2.67 (0.87) 3.03 (0.88)

O11. We can learn from neighbouring
countries using rigid pavement

4.18 (0.73) 3.95 (0.92) 3.56 (0.88) 4.02 (0.76)

*Within each column, the highest mean was bold, and the lowest mean was underlined

became the world leader in exporting cement and clinker in 2018, with nearly 32
million tons of exported products which is worth $1.2 billion. In 2019, Vietnam
also exported 33.8 million tons of cement and clinker which reached the record
levels of cement exported in the world [28]. In addition, there are many cement
plants distributed nationwide which facilitate the reduction of the cost of transporting
construction materials.

For the group of general contractors, they had the highest mean on O1 item (i.e.,
has higher durability and longer service life), O8 item (i.e., less rutting, and better
observation at night), and O11 item (i.e., we can learn from neighbouring countries
using rigid pavement). Most consultants also agreed on the O1 item. As the paper
discussed above, previous studies also suggested that rigid pavement has a longer
service life and provides a better visibility at night which can help save lighting
energy [18, 23]. In addition, general contractors also looked for opportunities of
learning from neighboring countries (e.g., other countries in the South, East and
Southeast Asia).
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On the other hand, O10 item (i.e., “can be recycled to form new aggregates in the
composition of cement or in the road foundation”) had the lowest mean among the
groups of participants. Although there are few studies which discuss the opportunity
of recycling the aggregates in rigid pavement [22], most participants do not think that
it is an opportunity of using rigid pavement. Besides, O5 item (i.e., current construc-
tion technology meets requirements of rigid pavement), O7 item (i.e., consumes
less energy during construction and operation.) and O9 item (i.e., the government
management agencyplans to deploypilot construction to promote the rigid pavement)
also had a mean less than 4.00 (i.e., agree). This result indicated that most partic-
ipants were not confident that the current construction technology in the country
was capable of meeting requirements of rigid pavement. In addition, they still have
not perceived the opportunities of saving energy during construction and operation.
Although there are calls from the government for applying rigid pavement, most
participants do not perceive O9 item as an opportunity. This result indicated that
the government and professional societies need to improve the communication and
provide more support for the application of rigid pavement.

4.2 Challenges on Applying Rigid Pavement

Table 4 showed the level of agreement of participants at each challenge item. Most
participants agreed that C5 item (i.e., has not piloted the rigid pavement to compare,
learn from experience, widely implement in the future) is the most challenging for
government management agencies. Consultants and owners also had the highest
score on C5 item. In project management, pilot projects are necessarily required for
exploring and deploying new innovations and concepts. This is especially important
for the consultants and owners to determine opportunity viability. The pilot project
will allow the consultants and owners gain necessary knowledge before executing
the project on a larger scale [35]. Although participants demanded a pilot project of
rigid pavement, they did not quite agree on the C1 item which suggested that the
government has no experience on applying rigid pavement. In fact, rigid pavement
has been applied in several road sections near the toll booths on expressways, so
the government still has some experience on rigid pavement. However, what consul-
tants and owners might seek for is a comprehensive pilot rigid pavement project
where knowledge and lesson learned databases are systematically updated to inform
effective decision making in the full-scale implementation.

For general contractors, having the government providing large initial investment
costs was most important to them (i.e., C3 item). Indeed, the financial difficulty
of owners is one of the top causes of large construction project delays and cost
overruns in Vietnam [17]. Therefore, the government needs to focus on improving
the mobilization funding, especially at the beginning of the rigid pavement project.
On the other hand, contractors did not think the challenges rely on issuing technical
standards for rigid pavement (i.e.,C4 item).As shownonTable 4, contractors believed
in the opportunity to adopt these technical standards from other countries.
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Table 4 Challenges on applying rigid pavement

Item Mean (Standard Deviation)*

Contractor Consultant Owner Total

The government management agency

C1. Has no experience on applying rigid
pavement

3.47 (0.94) 3.18 (0.85) 2.67 (1.00) 3.21 (1.00)

C2. Is afraid to change and approach new
technology while prioritizing traditional
construction technology

3.50 (0.97) 3.43 (0.98) 3.22 (0.83) 3.46 (0.90)

C3. Has difficulty in providing a large initial
investment cost for applying rigid pavement

4.00 (1.17) 3.95 (1.00) 3.89 (0.93) 4.00 (0.94)

C4. Has not yet fully issued technical
standards to design, construct, supervise,
and accept for transportation projects
applying rigid pavement

3.33 (1.05) 3.36 (1.18) 2.89 (0.93) 3.35 (1.14)

C5. Has not piloted the rigid pavement to
compare, learn from experience, and widely
implement in the future

3.81 (0.83) 4.09 (0.97) 4.00 (0.00) 4.08 (0.76)

At the front end planning

C6. Consultants lack experience in
evaluating and implementing rigid pavement
projects

3.12 (1.05) 3.00 (1.15) 3.00 (1.12) 3.14 (1.05)

C7. The unified investment capital for traffic
road projects has not been established which
causes difficulties in evaluating and
approving projects, especially with large
initial investment capital

3.81 (1.05) 3.45 (1.01) 3.44 (1.01) 3.54 (0.98)

C8. Owners and consultants often ignore
sustainable development criteria such as
saving fuel, reducing urban heat effects,
reducing lighting requirements

3.53 (1.36) 3.86 (1.06) 3.50 (0.93) 3.72 (1.02)

For construction

C9. Owners lack experience in rigid
pavement

3.00 (1.03) 3.14 (1.04) 3.00 (1.00) 3.12 (0.98)

C10. There are few contractors with
sufficient capacity and experience in rigid
pavement

3.88 (1.11) 3.59 (1.10) 2.89 (1.17) 3.62 (1.08)

C11. Rigid pavement requires modern and
integrated equipment

3.59 (0.71) 3.55 (1.06) 3.44 (1.01) 3.62 (0.85)

C12. Rigid pavement is not suitable for
construction in areas with soft soils

3.63 (1.02) 3.32 (1.43) 3.11 (1.36) 3.39 (1.28)

For maintenance and operation

C13. Curing is required for rigid pavement,
so it is only suitable for new construction
traffic

3.29 (0.92) 3.05 (0.84) 2.89 (0.78) 3.17 (0.91)

(continued)
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Table 4 (continued)

Item Mean (Standard Deviation)*

Contractor Consultant Owner Total

C14. Rigid pavement has joints. If the
construction process is not guaranteed, it
will affect the riding comfort

4.47 (0.62) 4.27 (0.88) 4.00 (1.32) 4.24 (0.96)

C15. Repairing rigid pavement defects is
time consuming, costly and technically
complex

4.06 (0.66) 3.91 (1.11) 4.00 (0.00) 3.95 (0.96)

*Within each column, the highest mean was bold, and the lowest mean was underlined

At the front-end planning, owners and consultants were more concerned about the
ignorance of sustainable development criteria such as saving fuel, reducing urban
heat effects, and reducing lighting requirements (i.e., C8 item). In fact, reconcili-
ation between economic and sustainability development is still a major challenge
for developing countries. To improve the sustainability development, [32] suggested
that the government needs to improve the involvement with all related stakeholders
in the project. It is important to raise the public awareness on the importance of
sustainability development along with providing economic and legal incentives for
sustainable projects. For the contractors, they hadmore concern on the unified invest-
ment capital on the early of the project (i.e., item C7). All contractors, consultants
and owners had less agreement that consultants lack experience in evaluating and
implementing rigid pavement projects as a challenge (i.e., item C6).

For the construction process, contractors and consultants were concerned about
the small number of contractors with sufficient capacity and experience in rigid
pavement (i.e., item C10) while owners had more concern on the needs of modern
equipment (i.e., item C11). Dinh and Nguyen [11] previously discussed that the lack
of heavy equipment and machinery has highly impacted the productivity of labor
construction in Vietnam. In addition, the lack of integrated equipment might impact
the quality of the rigid pavement. For maintenance and operation, all participants
had the highest concern on the comfort of riding on rigid pavement if the proper
quality control was not established in the construction processes (i.e., item C14).
The quality of curling and warping of rigid pavement can impact the ride quality.
FHWA[15] suggested that using fewer joints (i.e., longer panels)might be considered
to improve the ride quality and the life cycle cost of the rigid pavement. On the other
hand, all participants are less concerned that rigid pavement is only suitable for new
construction traffic (i.e., item C13).
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5 Conclusion

The paper has provided an overview on the opportunities and challenges of applying
rigid pavement in the emerging economies. Through the survey results, rigid pave-
ment has been found to be highly potential for application in Vietnam. Promoting
the use of rigid pavement is going to be a trend of many emerging economies in the
world. Still, there are some challenges ahead which require more attention, support,
and collaboration among the project stakeholders (e.g., government, construction
companies). Government (i.e., project owners) need to actively look for strategies to
attract more infrastructure funding (e.g., private sector); therefore, they can allocate
on the large initial spending on rigid pavement and guarantee the stable disburse-
ment throughout the construction. The [3] estimated that Vietnam currently requires
around $480 billion on infrastructure development until 2030, however, the govern-
ment can only afford one third of that need. The other two third need to be supported
by private sectors. Construction companies (i.e., general contractors and consultants)
should continue to adapt new construction technology and provide necessary training
for employees in rigid pavement. In addition, more research should be conducted on
rigid pavement to identify drawbacks and recommend innovative and effective solu-
tions. For emerging economies, one of the pressing needs is to accurately determine
the life cycle cost and construction time associated with rigid pavement projects.
Currently, that information is very important for making investment decisions on
rigid pavement. It can provide the country a long-term vision on using and managing
the state budget. Future research should study the life cycle costs of rigid pave-
ment and evaluate actionable strategies for applying rigid pavement in emerging
economies.
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Developing a Gis-Based Fleet
Optimization Model for Winter
Maintenance Operations

P. Nguyen and D. Tran

1 Introduction

Management of winter maintenance operations is a complex process and critical to
provide safe travel routes for the traveling public that requires the United States’
departments of transportations (DOTs) to spend substantial resources on snow and
ice control activities and operations [3]. For instance, the Kansas departments of
transportation (KDOT) spends from $7million to $22million annually on theirmain-
tenance activities to operatemultiple fleets of snow-plow trucks duringwintermonths
[8]. The deployment of such a large number of trucks over a vast maintenance area
creates an operational problem in determining the optimal maintenance routes and
fleet size while satisfying the LOS requirements for snow and ice route removal oper-
ations. Several DOTs have attempted to streamline their snow and removal process
using a variety of methods, including heuristic approaches, mathematical models,
and off-the-shelf software packages [6, 10]. For example, Ohio DOT employed a
route optimization program based on the geographic information system (GIS) to
model snow and ice routes within three of their ten Districts [11] to optimize their
fleet size and determine if new truck facilities needed to improve the level of service
(LOS) for winter operations. Results from recent studies [1, 9] that incorporated
modern technologies (e.g., GIS) and modeling techniques (optimization algorithms)
in collecting and analyzing spatial and geographic data show an increase in efficiency
and a reduction in the number of trucks needed to accomplish their snow removal
operations. This study aimed at developing a snow-plow fleet optimization model for
KDOT’s winter maintenance operations in District 4, one of six Districts within the
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State of Kansas. It is expected that the result of this study can apply to other Districts
after successfully conducting a pilot study in the selected District 4.

2 Literature Review

A literature reviewwas conducted to investigate the current state of practices in devel-
oping and implementing snow-plow optimization models for winter maintenance
operations in North America within the past decade (2011–2021). The emphasis
was placed on the development process of snow-plow optimization models, utilized
tools (e.g., GIS-based software packages), and the evaluation and assessment process
related to the anticipated winter operations budget. Relevant technical articles and
white papers were also reviewed to better understand how optimization models were
developed and implemented. From a pool of collected documents, this study selected
eight academically published articles regarding the optimization of snow and ice
routes and fleet sizes using innovative algorithms and GIS-based technologies for
reviewing in detail. A summary of the selected articles is shown in Table 1.

3 Research Objectives

Current practices of winter maintenance on snow and ice route removal winter oper-
ations in the U.S and Canada show an urgent need regarding the use of advanced
route optimization models to improve snow removal efficiency in winter operation
activities. Themajor goal of this study was to develop a snow-plow fleet optimization
model for all snow and ice routes within District 4, Kansas, USA, to enhance the
efficiency of snow removal operations with time and cost savings while maintaining
the safety and reliability of the roadways. To achieve the research goal, this study
was designed with three objectives: (1) digitize all snow and ice base routes along
with available truck facilities across the selectedDistrict; (2) determine the optimized
routes and fleet size for the current snow and ice route removal operations; and (3)
determine the total number of operational trucks needed for the selected District to
maintain the current LOS requirements.

4 Methodology

The methodology of this study includes four steps: (1) literature review, (2) data
collection, (3) fleet optimization model development, and (4) results as shown in
Fig. 1. First, a literature review was conducted to summarize current practices in
winter maintenance of snow and ice route removal operations. Second, geospatial
data related to geography, route networks, LOS requirements, and recent snow and
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Table 1 Summary of snow-plow optimization approaches for winter operation practices

Reference Project goals Optimization approach Results

[2] Design winter
maintenance truck routes
for single and multiple
depots under the
responsibility maps in
District 3, Iowa, USA

Used a memetic algorithm
to solve capacitated arc
routing problems with
constraints of cycle times,
fleet size, truck capacities,
and work duration

Reduced 13.2% of
deadhead distance
compared to current
practices

[8] Solve vehicle routing and
scheduling problems of
snow and ice removal
practices for three
counties in Delaware,
USA

Developed a GIS-based
optimization model for
snow-plow routing to
reduce the total travel
distance and travel times

Reduced the total cycle
times for completing each
snow-plow route and
provided different
scenarios in performing
snow and ice control
activities

[1] Identify strategies to
enhance snow and ice
removal operations for
four counties within two
Districts in Kentucky,
USA

Utilized ArcGIS software
packages with the Network
Analyst extension and
Vehicle Routing Problem
toolset to investigate the
performance of the current
snow-plow routing
practices

Minimized the operational
trucks required to treat all
snow and ice routes.
Potential cost savings
could reach $225,000
USD per year

[10] Optimize snow-plow
routes and fleet size for
three Districts in Ohio,
USA, by removing county
borders

Developed a GIS-based
snow and ice route
optimization model using
the ArcGIS software
package and its extensions

Achieved total travel time
savings of 837 min per
treating cycle.
Recommended adding
thirteen more plow trucks
to two Districts to
maximize their level of
service

[5] Establish a base-map of
winter highway treatment
routes to improve service
levels, optimize resource
reallocation, and monitor
changes to overriding
constraints in region 4,
Colorado, USA

Developed a snow-plow
route optimization
procedure with what-if
scenario modeling

Optimized the fleet size in
snow-plow operations,
replaced old fleets, and
recommended the use of
mobile weather
monitoring

[9] Solve the vehicle routing
problems of snow-plow
operations in the City of
Edmonton, Canada, to
reduce the total
operational costs

Used two integer
programming capacitated
arc routing problem
formulations to minimize
the total travel distance

Determined optimal depot
locations to reduce total
travel cost and required
service time for snow
plowing

[3] Improve service
efficiency while
minimizing labor hours
and fuel for winter
maintenance operations in
Vermont, USA

Developed a specific
snow-route base-map to
optimize the service areas
for each truck garage based
on the total travel time and
the surrounding roadways

Efficient vehicle
allocations based on the
detailed roadways
allowed the agency to
optimize man hours and
reduce fuel consumption

(continued)
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Table 1 (continued)

Reference Project goals Optimization approach Results

[6] Enhance the level of
service of winter
maintenance operations
by optimizing snow and
ice routes and
fleet allocations in
Missouri, USA

Developed an integrated
heuristic-based
optimization algorithm for
state transportation agency
to identify the most
efficient route plans and
determine sufficient
fleet allocations

Determine specific service
routes that trucks can
follow and optimal truck
allocation scenarios with
minimum cycle times and
deadheading miles

Fig. 1 Research methodology

ice route removal practices were collected. Third, a snow-plow fleet optimization
model was developed for determining the minimum number of operational trucks
needed at truck facilities to treat all required snow and ice routes while maintaining
the current LOS satisfaction percent in District 4. Finally, optimized fleet size for all
snow and ice routes in District 4, Kansas, was determined along with potential time
and cost savings.
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4.1 Data Collection

District 4, one of six Districts across Kansas, USA, as shown in Fig. 2, is respon-
sible for construction and maintenance activities for seventeen counties in southeast
Kansas. These responsibilities include providing snow and ice removal on the 3958
miles of state highways divided into sixteen sub-areas with different numbers of
operational trucks located at each sub-area’s truck facility that are housed in this
District.

Several meetings with the KDOT executive management board to review and
collect relevant snow and ice route information that they are responsible for in their
winter maintenance operations. The route information data were collected in terms
of printed maps with hand drawn routes and digital maps created by using spatial
GIS-software. Specifically, the collected data include (1) geographical information
(e.g., number of counties, county border limits, and terrain types across the selected
district); (2) route network information (e.g., annual average daily traffic flow maps,
highway length, roads hierarchy, travel directions, road distance, start and end points
of each road in the network, turning locations/turn-around, and turning restrictions);
(3) LOS information (e.g., number of lanes at each road in the network, snow and ice
route priorities for maintenance, and typical salt application rates for each treating
trip); and (4) snow and ice route removal information (e.g., number of snow and ice
routes across the selected district, lane miles treated of each route, current fleet size,
locations of truck facilities, and salt capacities at each facility).

District 4 is responsible for a total of 143 snow and ice routes in its winter mainte-
nance network as shown in Fig. 3 and consists of seventeen truck facilities (or truck
inventory) associated with their remote sites (or refill stations) within its seventeen
counties. The current KDOT snow removal plan divides roadways to be treated
during snow events into three categories based on the targeted LOS [7]: (a) Priority

Fig. 2 Selected District 4 and its counties for implementing the fleet optimization model
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Fig. 3 Snow and ice route
removal map in District 4,
Kansas

1 routes, including multi-lane roads with more than 3000 vehicles daily; (b) Priority
2 routes, including two-lane roads with 1000–3000 vehicles daily; and (c) Priority
3 routes, including two-lane roads with less than 1000 vehicles daily. Current fleet
size of winter operations for snow and ice route removal includes 90 available plow
trucks with tandem and same size spreader units.

4.2 Fleet Optimization Model Development

The fleet optimization tools for winter snow and ice route removal operations include
ArcGIS, a software package built upon aGIS platformwith geodatabasemanagement
applications developed by Esri–GIS company based in California, USA, and its
extensions. ArcGIS is capable of digitally producing optimized snow and ice routes
in terms of GIS-based maps and allows users to investigate route conditions and
conduct analyses based on transportation networks [4]. The software platform can
handle complex optimization algorithmswithout requirements of profound coding or
programming skills from end users, which helps transportation personnel implement
the optimization outcomes easier. This study developed a fleet optimization model
using ArcGIS and its Network Analyst extension and the Vehicle Routing Problem
toolset. The parameters of the fleet optimizationmodel include (1) total travel time—
the time to complete a full treatment cycle for a SNICE route, which is the sum of
treating time, deadhead time, and refill time of each treating cycle, (2) deadhead
time—the time to drive to and from the treating area; (3) treating time—the time to
drive and treat the SNICE route, calculated by the lane miles treated over the treating
speed; (4) refill time—the time to refill the truck at the facility; and (5) LOS cycle



Developing a Gis-Based Fleet Optimization Model for Winter … 481

time—the total time that requires the truck to leave the facility, treat the assigned
snow and ice routes, return to the facility, and then refill to get ready for the next
treating cycles.

Prior to the fleet optimization process, a GIS snow and ice route network dataset
was created using the Network Analyst extension, and the snow plowing points
were set up along all the snow and ice routes in the network using the Vehicle
Routing Problem toolset. The fleet optimization process started with determining
the efficiency of each snow-plow truck using the GIS base-map and Eq. 1.

Individual truck efficiency = Treating time/(Treating time + Deadhead time)
(1)

The truck efficiency represents the variation of the deadhead time spent within
a treating cycle of a snow and ice route. The truck efficiency increases when there
is a minimum of deadhead time needed to treat a snow and ice route. Based on the
calculated efficiency results, the least efficiency truck was removed, and the base-
map was re-created to accommodate the removed truck. The process of removing
the least efficiency truck and re-creating new base-maps was repeated until it hit the
threshold of the satisfied LOS percent that needs to be maintained.

The results of the fleet optimization model were compared with the thresholds
included in the LOS documents of District 4, including the treating speed priorities
and LOS cycle time priorities of each snow and ice route. The treating speeds (mile
per hour) include three route categories: Priority 1 with 35 mph, Priority 2 with
25 mph, and Priority 3 with 25 mph. The LOS cycle time requirements (minutes)
are shorter for high priority routes and longer for low priority routes; specifically,
Priority 1 with 60 min, Priority 2 with 90 min, and Priority 3 with 120 min. The
salt application used under normal conditions for each treating cycle is kept at 250
lbs/ln mile. Accordingly, the maximum number of operational trucks that could be
removed was determined. This iteratively optimizing process should yield enough
data to determine changes in the snow and ice route network to accommodate the
removed trucks and assist wintermaintenance personnel inmonitoring and allocating
their limited resources to essential maintenance operations. It is noted that the trucks
treating Priorities 2 and 3 routes were removed before removing the trucks treating
Priority 1 routes. The current network of snow and ice routes in District 4 includes
70 Priority 1 routes, 41 Priority 2 routes, and 32 Priority 3 routes.

5 Results

After multiple iterations of removing the least efficiency trucks and re-creating new
base-maps of snow and ice routes, the fleet optimization model ended up with the
maximum of four trucks that could be removed from the current fleet within District
4 while the satisfied LOS percent (79.72%) was maintained.
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Table 2 Snow-plow fleet optimization results

Performance metrics Fleet size
(count)

Total travel time
(minute/cycle)

LOS satisfaction
(%)

Current snow and ice route removal 90 8113.60 79.72

Optimization result 86 6653.60 79.72

Difference (optimization versus current) −4 −1460 0

Table 2 shows the fleet optimization results and comparisonswith the current snow
and ice removal practices within District 4. As a result, the fleet size needed to treat
all 143 snow and ice routes was reduced from 90 to 86 trucks. A total of four plow
trucks were removed from four sub-areas 411, 414, 422, and 443. The optimized
base-map also shortened the total travel time to treat all snow and ice routes at once
with a time saving of 1,460 min (approximately 24.3 h) for one treating iteration.
The current satisfied LOS percent was also maintained at 79.72%.

The results provide recommendations for the minimum number of plow trucks
required at each facility to maintain the current LOS at each snow and ice route in the
network for winter maintenance operations. Based on the results of this study, KDOT
may be able to adjust the routing of its fleets of snow-plow trucks for snow and ice
removal, creating a more efficient operation and possibly reducing the number of
trucks required for winter maintenance operations.

6 Conclusion

This study aimed at supporting KDOT’s winter maintenance operations on snow
and ice control activities with possible savings in both equipment and labor costs by
developing a snow-plow optimization plan using modern technologies and modeling
techniques. With the budget constraints and increased public demand for safe travel
routes, the optimization plan can help KDOT efficiently allocate limited resources
to maintain all snow and ice routes in an economic, safety, and reliability manner.
A GIS-based software platform was utilized to develop a fleet optimization model
for snow and ice route removal operations within District 4, Kansas, USA. The
developed optimization model created an optimized base-map for 143 snow and ice
routes within District 4 to save four plow trucks and approximately 24.3 h for one
treating iteration while the satisfied LOS requirement of 79.72% was maintained.
The optimization results enable KDOT personnel to justify the fleet size required
at the selected District and improve productivity and safety in snow and ice route
removal practices. Implementations of the developed fleet optimization model in
other Districts within the State of Kansas after conducting the pilot study in District
4.

The contribution of this study includes developing a GIS-based snow-plow fleet
optimization model to support winter maintenance operations on snow and ice route
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removals inDistrict 4,Kansas. Expected benefits from the implementation of the opti-
mization results include (1) cost savings from the optimized fleet size and (2) time
savings to treat all snow and ice routes in the network. Successfully implementing the
results of the developed optimization model may also increase safety for drivers trav-
eling during snow events. Risks of accidents related to extreme weather conditions
can decrease by treating the snow and ice routes in a shorter amount of time. This
study also sheds light on the applicability of the GIS technology in assisting trans-
portation management problems and operational considerations. The results of this
study facilitate the automation of snow-plow optimization processes using ArcGIS
software packages and its extensions in providing satisfactory services during snow
and ice events.
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Agent-Based Modelling
as a Decision-Support System for Project
Delivery Methods

D. Salhab, L. Shehab, K. Noueihed, and A. Hammad

1 Introduction

Achieving a successful project within the allocated budget and planned schedule
is the goal of all decision makers in the architectural, engineering, and construction
(AEC) industry [7]. However, the construction industry is full of inefficiencies, even-
tually leading to cost overruns, time delays, and poor end products [10]. These inef-
ficiencies can be reduced to a large extent if an appropriate project delivery method
(PDM) is chosen at an early stage in the project. Several PDMs have been developed
throughout the years. The four most used methods are Design-Bid-Build (DBB),
Design-Build (DB), Integrated Project Delivery (IPD), and Construction Manage-
ment at Risk (CMAR). Poor selection of a PDM might result in an end product that
does not meet requirements. Each project must be evaluated to determine which of
the various methods would produce the best results for an owner [14, 15, 22]. Some
owners decide on a PDM according to the team’s experience and only consider the
characteristics of the individual project without considering the company’s strategy
[18]. While there is no perfect project delivery option, one method may be better fit
than another based on the specific requirements of a construction project [14, 15, 22].
Various factors including the specific owner, project, and team selection considera-
tions should be considered when choosing the appropriate delivery method. While
there is growing research in the PDM selection process, this research focuses on the
need to help the owner make that critical decision based on factors that are unique

D. Salhab · L. Shehab · K. Noueihed · A. Hammad (B)
University of Alberta, Edmonton, Canada
e-mail: ahammad@ualberta.ca

D. Salhab
e-mail: salhab@ualberta.ca

L. Shehab
e-mail: lshehab@ualberta.ca

© Canadian Society for Civil Engineering 2023
S. Walbridge et al. (eds.), Proceedings of the Canadian Society of Civil Engineering
Annual Conference 2021, Lecture Notes in Civil Engineering 247,
https://doi.org/10.1007/978-981-19-0968-9_39

485

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-0968-9_39&domain=pdf
mailto:ahammad@ualberta.ca
mailto:salhab@ualberta.ca
mailto:lshehab@ualberta.ca
https://doi.org/10.1007/978-981-19-0968-9_39


486 D. Salhab et al.

to the organisation and project. This paper presents a decision-support system for
PDMs. The factors that most impact the selection process according to the litera-
ture are identified. Then, agent-based modelling and simulation (ABMS) are used
to model the delivery method selection process. After the user inserts the project
details, the model calculates and displays the score of each PDM for the presented
project. A virtual application is used to verify the model and display different results.
Finally, the conclusion and future work are presented.

2 Literature Review

2.1 PDM Selection

Many research endeavors focus on assessing and comparing DB, DBB, CMAR, and
IPD based on different factors. Over the last few decades, several approaches have
been developed to help owners select the most suitable PDM for their project [12].
In a study comparing DB and DBB for 67 projects, [11] found that DB has an advan-
tage in time savings, but it was not better than DBB in terms of cost reductions or
productivity increases. Mahdi and Alreshaid [14, 15, 22] examined the compatibility
of various PDMs with specific types of owners and projects using Analytical Hier-
archy Process (AHP) based on high degree of technical factors and low construction
costs. Mostafavi and Karamouz [17] developed a decision-making system to select
a convenient PDM for project success. Moon et al. [16] gathered actual construc-
tion data from a multifamily housing project and developed a selection model for
the owners to choose the right delivery method based on their needs, project char-
acteristics, and external environment. Tran and Molenaar [22] used a survey based
on completed cost and schedule risk analysis to identify 39 risk factors related to
the project delivery selection process for projects worth more than $100 million. El
Asmar et al. [6] carried out statistical analysis of data collected from 35 completed
construction projects to compare the performance of IPD with other PDMs. Chakra
and Ashi [2] evaluated the performance of several DB and DBB projects by identi-
fying seven performance indicators such as cost, schedule, quality, risk, and safety.
The results showed that DBB performs better in terms of time, quality, and safety;
however, DB has better performance in terms of cost, communication, and risk.

2.2 ABMS

A Simulation, as defined by Binhomaid [4], is a computer-based imitation of a
system through which its behavior may be better understood. The importance of
simulations lie in their ability to work and behave as the original systems, espe-
cially when experimenting with the original system is too expensive, impractical,
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or time-consuming. Simulation applications are numerous, ranging from project
management and economics to hospitals, airports, and supply chains [23]. Simu-
lations include three different approaches: system dynamics, discrete-event simu-
lation, and ABMS [23]. ABMS is the approach adopted in this paper. In ABMS, a
collection of autonomous decision-making entities is used to model the system under
study [5], and it is aimed at analyzing a complex system by building imaginary agents
to mimic the behaviors and interactions of the entities in the original system [24].
The three main components of an agent-based model are the agents, their relation-
ships, and their environment [3]. In construction, Teicholz was the first to develop
a simulation model to study and reflect construction systems and processes [1, 20].
Since computer simulation helps in supporting decisions needed in the design and
implementation of construction processes [9], ABMS in construction has been used
for various purposes. In 2016, a study computed realistic task durations by taking
workers’ fatigue into consideration [19]. In 2020, a study used ABMS to optimize
the workflow of robotic steel and concrete 3D printers [3]. While the uses of ABMS
in construction are numerous, not much research exists using ABMS for construc-
tion contracts and contract administration. Therefore, this study’s contribution lies
in employing ABMS to contract administration by modelling the PDM selection
process and aiding in the selection of the appropriate PDM for different projects.

3 Methodology

To achieve the goals of this study, the following structured methodology was used.
First, a thorough literature review was conducted to identify and evaluate the factors
affecting the selection of various PDMs. These factors were classified into six main
areas and used to develop the conceptual model, which constitutes the second step
of the methodology. The conceptual model was based on the identified problem,
and it revolved around helping the owner in deciding on a PDM that was suitable
for their project. To do so, the owner answered questions that were based on data
gathered in the first step. As a third step, this conceptual model was implemented
as a computational model in AnyLogic 8.6.0 software [8]. Finally, the model was
verified by running it several times with different scenarios, and the results were
documented.

4 Conceptual Model

It is worth mentioning that although the study is directed to the owner, its goal is to
ultimately best serve the interest and purpose of the project. The owner should use
the model with good intentions and without the intention of transferring all risks to
the contractor.
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Table 1 Factor areas

Owner Project characteristics Design characteristics Regulatory Risk Others

4.1 Factors Affecting Project Delivery Method Selection

Choosing a PDM that is suitable for project needs plays a substantial role in ensuring
a refined execution of construction processes and eventually a successful project.
Many factors are involved in the selection of a PDM, making it difficult to reach a
decision. To start the process, an owner would answer a set of questions pertaining to
personal characteristics (e.g., leave of projectmanagement experience), to the project
characteristics (e.g., the project schedule), and to the other areas shown in Table 1.
Table 2 shows some of the most significant factors that affect the PDM selection,
according to the literature. The owner is asked to provide their answer as a rank on
a scale from 1 to 5; i.e., a rank = 1 for the budget means a tight budget and a rank
= 5 means a high budget. The questionnaire style is inspired by a study by from Liu
et al. [13].

4.2 Relative Importance, Rank, and PDM Score

After identifying the most significant factors that affect the PDM selection process,
the relative importance of each factor across all PDMs must be determined. Ranking
the criticality of some factors was based on questionnaires with experts. For instance,
[22] rank unexpected utility encounters (UUE) factor as first out of eight critical risk
factors in DBB, tenth out of ten in DB, and eighth out of eight in CMAR (first factor
being the riskiest). Therefore, DBB is (1/8)× 100= 12.5% favorable for dealingwith
UUE. The calculation of the relative importance (RI) of each factor is represented
by Eq. 1 below.

Relative Importance (%) = Factor Rank

Number of Factors
× 100 (1)

After knowing the RI of the factor for each PDM, the values are normalized on a
scale of 10–100 to have a systematic scale across all factors. The normalization of
the RI is represented by Eq. 2.

Normalized Relative Importance = (100 − 10)

× Relative Importance - Minimum Value

Maximum Value - Minimum Value
+ 10

(2)

Table 3 shows an example of the RI and the normalized RI for the UUE factor.
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Table 2 PDM factors, descriptions, and codes of values
Factor Description and Codes of Value
A. Budget (Touran et al. 2011) The owner’s allocated budget for achieving the project

1=tight budget, 3=fair budget, 5=high budget

B. Schedule (Touran et al. 
2011)

How tight the project schedule is and the availability of time to finish the 
project

1=tight schedule, 3=normal schedule, 5=relaxed schedule
C. Delivery speed (Mahdi and 

Alreshaid 2005)
Whether project duration and its delivery speed are critical or 

1=speed not important, 3=speed important, 5=speed crucial

D. Quality of work (Martin et 
al. 2016)

How much the owner is concerned about the quality of construction works  
1=less concerned, 3=concerned, 5=strongly concerned

E. Experience with project 
management (Mahdi and 
Alreshaid 2005)

The level of experience of the owner with project management, design-
related changes, regulatory changes, and change orders 

1=low experience, 3=some experience, 5=strong experience

F. Green building certification
(Touran et al. 2011)

The owner’s interest in environmental aspects & in green building 
certificates

1=not interested, 3=interested, 5=strongly interested
G. Team integration (Mahdi 

and Alreshaid 2005)
The level of the owner's interest in having an integrated team 

1=not interested, 3=interested, 5=strongly interested

H. Control level (Mahdi and 
Alreshaid 2005)

The level of control on the project (design, changes) the owner wishes to 
have

1=low control, 3=some control, 5=high control
I. Innovation (Martin et al. 

2016)
Whether the owner prefers traditional or innovative

1=traditional, 3=somewhat innovative, 5=highly innovative design

J. Involving contractor in the 
design (Mahdi and 
Alreshaid 2005)

If the owner prefers having the contractor during planning and design 
phases

1=not interested, 3=interested, 5=strongly interested
K. Scope definition (Martin et 

al. 2016)
How clear the scope of work is 

1=ambiguous scope, 3=okay scope, 5=very clear scope

L. Level of trust with the other 
stakeholders (Mahdi and 
Alreshaid 2005)

The owner’s level of trust with other stakeholders (designer, contractor, D-
B)

1=low trust, 3=fair trust, 5=high trust
M. Clarity of contract 

documents (Martin et al. 
2016)

Whether the contract documents are crisp clear or include so much 
ambiguity

1=ambiguous documents, 3=okay documents, 5=crisp clear 
documents

N. Geotechnical investigation
(Tran and Molenaar 2012)

The level of uncertainty around soil conditions and geotechnical 
investigation

1=risky soil, 3=normal soil, 5=certain soil
O. Unexpected utility 

encounters (Tran and 
Molenaar 2012)

The level of unexpected utility encounters and such uncertainties 
1=high encounters, 3=normal encounters, 5=low encounters

P. Delays (Tran and Molenaar 
2012)

The expected delays in reviewing and obtaining environmental approvals
1=delayed approval, 3=normal approval, 5=fast approval

Q. Third-party delays (Tran 
and Molenaar 2012)

The expected delays by third parties (such as subcontractors…)
1=many delays, 3=normal delays, 5=few delays

Table 3 Unexpected utility encounters relative importance

DBB DB CMAR IPD

Relative Importance of UUE (%) 12.5 100 100 90

Normalized RI on 10–100 10 100 100 90
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Since the mentioned study does not tackle IPD, the relative importance of its UUE
is estimated based on the literature. The results are logical since DB and CMAR are
the most favorable methods to deal with unexpected utility encounters or risky soil
conditions. The term “RI” will refer to the normalized RI through the remainder of
this paper.

Not all factors are found to be ranked quantitatively in the literature, most factors
are ranked qualitatively. Since the RI needs to be numerical, the qualitative rank-
ings were transformed into quantitative ones. For example, it is found that delivery
schedule is not a critical factor for DB and CMAR, but it ranks sixth out of eight
risk factors in DBB [22]. This means that DB and CMAR score high for delivery
schedule factor but DBB would score less. Accordingly, delivery schedule score can
be valued as 10 for DBB, 55 for DB, 78 for CMAR, and 100 for IPD.

After obtaining the RI of all factors based on the literature, the owner chooses a
rank for each factor for a specific project. The ranks range from a value of 1–5 (1
being the lowest and 5 being the highest).

The score of each PDM is obtained from the assigned RI values and the inserted
ranks. It is the summation of the product of each factor’s relative importance and
rank (Eq. 3).

PDM Score =
∑

(Relative Importance x Rank) (3)

The maximum and minimum possible values of the PDM score are obtained from
the maximum and minimum values of the rank. Since the maximum and minimum
rank values are 5 and 1 respectively, the maximum possible value of the PDM score
(based on the assigned RI values) is 6525, while the minimum is 940. To normalize
the PDM scores to values between 0 and 10, Eq. 4 is used.

PDM Score = Raw PDM Score - Minimum

Maximum - Minimum
= Raw PDM Score - 940

6252 − 940
× 10 (4)

4.3 Experience

The experience of the project team in a certain PDM has an impact on the project
performance. Therefore, the team’s experience in each PDM is specified by the owner
at the beginning of the simulation, and it ranges from 0 to 10. As the team completed
new projects, their experience in the chosen PDM is increased by a value of 1.
Equation 5 represents the variation of the experience with each project completion.

Experience = Previous Experience + 1 (5)
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4.4 Final Score

To assist the owner in selecting the appropriate PDM, the scores are calculated based
on the PDM scores (obtained from RI and Rank) and the experience. Equation 6
represents how the score is calculated.

Score = (0.8 × PDM score) + (0.2 × PDM experience) (6)

The weights can be adjusted according to the user’s desire. If the user favors
experience, they can increase its corresponding weight. According to Eq. 6, the
scores range between 0 and 10. Since the score value will be used in the calculation
of the duration, the lowest allowable value is 1 and the highest is 10. Therefore, Eq. 7
is used to normalize the score values and obtain the final score results for each PDM.

Score = (10 − 1) × Score - 0

10 − 0
+ 1 where Score = (0.9 × score) + 1 (7)

4.5 Duration and Percent Deviation

The actual duration needed to complete the project based on the given inputs and
the chosen PDM is calculated. Since the appropriate selection of a PDM can help in
reducing the duration and vice versa, Eq. 8 is used to calculate the actual duration of
project completion.

Actual Duration = Planned Duration ×
(

5

score

)
(8)

According to Eq. 8, the best-case scenario occurs when the score is 10. In this
case, the project duration will be halved. The worst-case scenario occurs when the
score is 1, in which case the duration is multiplied by 5. It is important to note that
these two scenarios are extreme “ideal” cases that do not occur. They are used for
verifying the adopted calculation of the actual duration.

Finally, to assess the project performance in terms of schedule, the percentage of
deviation from the planned duration is calculated according to Eq. 9.

% Deviation = Actual Duration - Planned Duration

Planned Duration
× 100 (9)
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5 Computational Agent-Based Model

The PDM selection process is modelled using ABMS through a software called
AnyLogic [8]. The model includes two agents: the project and the team. Both agents
exist in the main environment and contain a set of variables and parameters that
define their behavior and performance. A detailed explanation of each agent and its
attributes is described below.

5.1 The Project Agent, the Team Agent, and the Main
Environment

The project agent is represented in Fig. 1a. Each PDM is assigned aweight referring
to each factor, and the duration of the project is determined by the user for each
project. Once the user inserts the ranks for all factors, the score of each PDM is
calculated and represented by the parameters “PDM_Score”. At start-up, the project
enters the “Initial_State”, which activates a function to prompt the user to insert the
team’s initial experience in each PDM. Once done, a message is sent to the project
to move through a message-triggered transition to the next state, “Unavailable”. At
a rate of once per year, a new project is generated, and the project moves through the
rate-triggered transition into the “New Project” state. Then, the user is prompted to
rank the factors and to choose the desired PDM. Once the user’s inputs are inserted,
the projectmoves into the “In_Progress” state through amessage-triggered transition.
It stays in this state until it receives a new message that the project is completed,
which is when the project moves back to the “Unavailable” state. This cycle goes on
until the team completes 10 projects.

Fig. 1 Statecharts, parameters, and variables of the project (a), team (b), and main environment
(c)
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The teamagent (Fig. 1b) enters the “Not_Working” state at start-up. Once it receives
a message from the project agent to start working, it moves through the message-
triggered transition into the “Working” state until the activity is completed. After the
project is completed, the team agent moves through a timeout-triggered transition
back to the “Not_Working” state and waits for another project to be generated. The
initial experience values inserted by the user at start-up are saved in the “PDM_exp”
variables. After the team completes a project, their experience in the chosen PDM is
increased by 1. The experiences in each PDM keep increasing as the team completes
new projects until they reach a maximum value of 10. Additionally, after the team
completes a project, the actual duration needed for the completion of the project and
the percent deviation from the planned duration are stored in the “actual_duration”
and “percent_dev” variables, respectively.

The main environment contains the team agent, the project agent, a set of variables
and parameters, a plot, and a graphical user interface (GUI) through which inputs are
inserted and results are displayed. In Fig. 1c, the variable “chosen_PDM” contains
variables to store the PDM chosen by the user in the first question through the
GUI. Every time a certain PDM is chosen, its counter (n_DBB, n_DB, n_CMAR, or
n_IPD) increases by 1. The parameter “total_projects” stores the number of projects
completed by the team, while the parameter “current_duration” stores the duration
of the latest completed project. The “percent_deviation” parameter stores the percent
deviation from the planned duration for each project. The parameters “F_A”, “F_B”,
…., “F_Q”) store the ranking of each factor as specified by the user.

5.2 The Simulation Runs

Once the simulation is run, the user is prompted to insert the team’s previous experi-
ence in working on each PDM. These values are inserted only once at the beginning
of the simulation, and they are automatically updated every time the team completes
a project using a specific PDM. Then, they click on the “DONE” button. After
the initial experiences are entered and stored in their respective variables, the GUI
displays a “Waiting for a project” message. Once a new project is generated, the user
is asked to insert the project’s details, including the importance of certain factors
and the planned project duration. All inserted data is stored in the model’s variables
and parameters to be used in the calculations. Once all data is inserted, the user
clicks on the “INPUTS INSERTED” button. Then, the PDM scores are displayed
along with a prompt to select the chosen PDM. The user can select the best PDM
based on the calculated scores, and they click on the “PDM CHOSEN” button. The
project is then initiated and a “Working on the project” message is displayed. After
the project is completed, the “durations”, “% deviation”, and “chosen PDM” plots
and charts are automatically updated with the new duration, percent deviation, and
the number of times each PDM has been chosen. This process continues until ten
projects are completed. At this point, the plots show all ten values of durations and
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percent deviation to allow for comparison and analysis, in addition to the number of
times each PDM has been chosen.

6 Virtual Application

To verify that the model was built correctly, a virtual application was performed. In
this application, the team is assumed to have previously performed 4 DBB projects
and 2 DB projects. Thus, the initial experience values are set as 4, 1, 0, and 0 for
DBB, DB, CMAR, and IPD, respectively, as shown in Fig. 2.

Once a new project is generated, its details were added, including the factors’
ranks (A → Q) and the planned duration. A set of 10 virtual projects (P1 → P10)
with their details and durations is shown in Table 4.

Figure 3a shows an example of the GUI where the user is asked to insert the last
project’s details, and Fig. 3b shows how the scores are represented and the user is
asked to choose the best PDM.

Finally, Fig. 4 shows the final plots and chart after all 10 project details are
inserted and their respective PDMs are chosen. Figure 4a depicts the plot of the
actual durations of the 10 projects. These durations depend on the planned durations
and the scores of the PDMs obtained from the model. Figure 4b is a plot of the %
deviation of the actual durations from the planned ones. As the plot shows, the %
deviation decreases as the number of projects done by the owner increases. This
shows that as the owner is doing more projects, they are getting more experienced
with the different chosen PDMs. The % deviation ranges from positive values to
negative values. The negative values imply that the actual duration is less than the
planned one, which is favorable in construction projects as it denotes cost and time
savings. The last plot shows the PDMs selected for the 10 projects. The CMAR
turned out to be the most preferred method for this specific owner’s 10 projects.

Fig. 2 GUI prompt to insert
initial experiences in each
PDM



Agent-Based Modelling as a Decision-Support System for Project … 495

Table 4 virtual projects data

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

A. Budget 1 1 5 4 4 4 5 4 5 4

B. Schedule 1 1 5 3 4 3 5 3 3 5

C. Delivery
speed

1 4 4 5 3 1 3 5 4 5

D. Quality of
work

1 1 2 5 1 2 2 5 5 5

E. Experience in
project
management

1 2 4 5 1 2 1 5 3 5

F. Green
building
certification

1 2 4 5 3 1 3 5 2 5

G. Team
integration

1 2 4 5 1 1 4 5 4 5

H. Control level 1 1 5 2 4 5 5 4 1 4

I. Innovation 1 1 3 5 1 5 4 5 2 5

J. Involving the
contractor in the
design

1 5 5 5 5 1 5 3 3 5

K. Scope
definition

1 1 5 1 4 5 5 2 5 5

L. Level of trust
with other
stakeholders

1 1 1 5 2 5 4 5 4 5

M. Clarity of the
contract
documents

1 2 5 5 4 5 5 4 5 2

N. Geotechnical
investigation

1 1 5 3 4 5 5 1 2 3

O. Unexpected
utility
encounters

1 5 5 4 4 1 4 5 3 2

P. Delays 1 1 5 1 4 5 5 5 1 1

Q. Third-party
delays

1 1 2 5 2 2 3 5 4 5

Planned
Duration

12 20 18 36 30 25 52 41 16 60

Chosen PDM DBB DB CM IPD CM DBB CM IPD CM IPD
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Fig. 3 GUI prompts to insert project details (a) and chosen PDM (b)

Fig. 4 Final durations (a), percent deviations (b), and chosen PDM results (c)

7 Conclusion

As one of the most critical decisions made by an owner is choosing a proper delivery
method, developing a decision-support system to aid the owners in making this
decision is crucial. While several researchers have developed different studies in
this regard, no study has yet been conducted using ABMS to simulate this decision-
making process. This study presents a novel contribution by analyzing and evaluating
various factors that affect the PDM selection process to be included in an agent-based
model. Factors were classified into six categories and given “relative importance”
values to quantify the criticality of each factor in each PDM. This value is combined
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with “ranks” inserted by the user to obtain a PDM score. The PDM score, along
with the team’s previous experience in each PDM, is used to obtain a final score
which directs the owner toward the most suitable choice of PDM. It gives the owner
a glimpse of how the project will progress if a certain PDM is chosen. After several
projects are inserted and their respective PDMs are chosen, a final chart showing the
results of all projects is presented. This allows for better analysis and understanding
of how PDM selection affects the success of the project. Despite the mentioned
contribution, some research limitations are noted. One limitation is that some factors
affecting the PDM selection process were subjectively quantified. This was due to the
unavailability of research studies that accurately quantify the impact of some factors
on the PDM selection through case studies or in-depth analysis. Another limitation
is the developed equation for the final duration. It was assumed that a score of 5
would yield an actual duration equal to the planned duration, while higher scores
yield shorter durations and vice versa. This assumption may be improved through
more intricate calculations or proven case studies. For future work, it would be a
step forward to estimate the actual duration using Program Evaluation and Review
Technique (PERT) analysis, which can be used to examine the tasks in a schedule.
This would generate precise and reliable durations that can assist owners in accu-
rately predicting project schedules. Another recommendation would be assessing
all factors’ rankings based on surveys and questionnaires led by experts. This would
allow for better quantification of relative importance values. Finally, themodel can be
applied to case study projects to validate that the model serves the intended purpose.
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Green and Sustainable Certifications
for Existing Buildings, the Example
of the Upgrading to Standards
and Heritage Restoration of Montreal
City Hall

Flavie Plourde-Mainville and Claudiane Ouellet-Plamondon

1 Introduction

In order to actively participate in sustainable development objectives and contribute
to the fight against climate change, the City of Montreal wishes to achieve carbon
neutrality by 2050, with reference to its Climate plan 2020–2030 [1]. To achieve
this goal, several commitments have been put in place in recent years, including
the Sustainable development policy for the City of Montréal’s buildings issued in
2009 [2]. This policy requires that all new construction or major renovations of
its buildings meet the minimum LEED-Gold (mandatory certification) and LEED-
Silver (non-mandatory certification) criteria respectively, considering that 20% of
the city of Montréal’s GHG emissions are attributable to the operation of buildings
[2]. In this context of reducing greenhouse gas emissions, the upgrading to standards
and heritage restoration project for Montreal city hall project is a good example
of the application of the approaches put in place and the potential for green and
sustainable performance of existing buildings. In addition to bringing fire, electrical
and mechanical systems up to standard, restoring and enhancing heritage elements,
and providing occupants and users with a healthy environment and efficient, high-
performance facilities, this project aims to obtain LEED Existing building: operation
and maintenance (LEED EBOM) v4.1 Gold level.

Considering the Montreal city hall as a flagship building of the municipal admin-
istration, the present administration wishes to demonstrate to its various executives
that such a certification based on operational performance is feasible and viable in
the long term. To date, several green and sustainable certifications are offered for the
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improvement of building performance. Considering that this field is developing and
proving its worth in the form of construction projects of multiple nature and scale,
the first objective is to define and understand the possibilities offered to existing
building renovation projects. New building and green performance are often linked,
but LEED, BOMABEST, Living Building Challenge, Zero Carbon andWELL certi-
fications apply equally well to existing buildings. By defining what each of these
certifications represent (objectives, nature of the concepts, level of complexity, etc.),
it will be possible to meet the second objective, which is to understand why LEED
EBOMcertificationwas considered themost suitable for the sustainable development
objectives of the city hall project. Subsequently, considering theWELL certification,
focused on the well-being and health of the occupants, as a very good complement
to a certification aimed at ecological performance, the third objective is to conduct a
preliminary analysis of this certification in order to validate its potential application
to the newMontreal city hall building. Finally, in the current context of the Covid-19
pandemic, we will identify the initiatives and adaptations to the Montreal city hall
project that have been put in place since last year, in order to ensure an additional
level of health security for the users of the renovated building.

2 Methodology

2.1 Montreal City Hall Project

Since its inauguration in 1878, its reconstruction between 1923 and 1926 and
following various works carried out over time, Montreal city hall no longer meets
the requirements and standards of buildings. Indeed, the fire, electrical and mechan-
ical systems have reached a significant level of obsolescence. As the City Admin-
istration’s flagship building, the upgrading to standards and heritage restoration
of Montreal city hall is a major project that allows for strategic management of
asset maintenance, building enhancement and the integration of new sustainable
development regulations and standards (Fig. 1).

In 2015, the project management team set up the project to bring the city hall up
to standard and restore its heritage. To carry out this major project, contracts were
awarded to various professionals, including a first contract to the team responsible for
preparing the plans and specifications (a team composed of architects, engineers and
other specialists) and a second to a general contractor for construction management.
In fact, for the first time for the City of Montreal, this project is being carried out
in management mode in order to transfer construction management to a general
contractor, considering the complexity of the project. Thus, the renovation work is
subdivided into distinct lots and the realization of each one is entrusted to contractors
by launching a call for tenders for each lot. These construction contracts are therefore
issued by the City, but managed by the construction manager.
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Fig. 1 Montréal city hall.
From https://upload.wikime
dia.org/wikipedia/commons/
6/68/Hotel_de_ville_de_
Montreal_42.JPG. Free for
commercial use

In addition to the professionals, the constructionmanager and specialized contrac-
tors, it is important to mention that the project integrates, from the beginning of the
design, different representatives of the building users in order to optimize, according
to the identified needs, the design of the new city hall. This translates into the
application of the Integrated Consultation Process (ICP) to the project.

The construction’s phase of the project to bring Montreal city hall up to building
standards and restore its heritage began in 2019. In the spring of that same year, the
occupants of city hall building moved to the neighbouring Lucien-Saulnier building.
The construction then followed quickly and, to date, construction is underway and
is currently scheduled for completion in 2023.

2.2 Review of Certifications for Existing Buildings

In order to achieve the above-mentioned project objectives, the first step was to carry
out research to identify and characterize the various ecological and sustainable certi-
fications available in the field of existing buildings, based, among other things, on
prior knowledge. Once the available certifications were identified and the reference
documents collected, a detailed review of the reference guides and official certifi-
cation websites was necessary in order to define what precisely the certifications
consist of, to identify the components of each one, their criteria, their constraints
to be respected to meet them and their scoring system. From this research, a global
portrait of each certificationwas drawn, in addition to better understanding the choice
of LEED EBOM certification for the Montreal city hall upgrading to standards and
heritage restoration project.

Subsequently, considering the nature and objectives of each of the certifications
identified, it was possible to validate the potential application of WELL certification
to theMontreal city hall project. Indeed, this certification stands out for its objectives

https://upload.wikimedia.org/wikipedia/commons/6/68/Hotel_de_ville_de_Montreal_42.JPG


502 F. Plourde-Mainville and C. Ouellet-Plamondon

of occupant health and well-being, which are closely linked, among other things, to
building performance elements in terms of HVAC (heating, ventilation and air condi-
tioning) system components, water quality and the quality of materials components
(architectural components, construction materials, maintenance products, etc.) [3].

2.3 Preliminary Analysis of the WELL Certification

WELLcertification appears to be an ideal complement to theLEEDexistingbuildings
certification for the city hall project, however, a validation process was required to
confirmwhether the project is eligible forWELL certification. This is how the second
step was initiated, namely the preliminary analysis. This step is composed of two
parts.

2.3.1 Part 1—Preliminary Overview of WELL Criteria

Part 1 consists of a preliminary overview of all the criteria of the tenWELL concepts.
The objective is to carry out an overview of each of them, to carry out a first sorting
of the criteria that cannot be met and, in parallel, to identify all the information to
be validated. In this component, it was also necessary to identify resources who are
active in the Montreal city hall project and who could answer the questions raised
during the overview of the criteria. The list of these resources is presented in Table
1.

Once these people were identified, meetings were planned with them and the
information collected was compiled from a database. This database was subdivided
based on the ten WELL concepts and contains all the information necessary for the
analysis, such as the criteria, the information to validate, the stakeholders to question,
the answer (yes/no), the score and the information supporting the answer.

Table 1 Resources involved
in the city hall project, part 1
of the preliminary analysis

Resources

Employee of Montreal City Hall and the City of Montreal

Architect, member of the design team assigned to the city hall
project

Mechanical engineer, member of the design team assigned to
the city hall project

WELL and LEED certified professionals
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Table 2 WELL certification
levels, reference scoring
system

Total score Minimum score per concept Certification level

40 points 0 WELL Bronze

50 points 1 WELL Argent

60 points 2 WELL Or

80 points 3 WELL Platine

2.3.2 Part 2—Detailed overview of WELL criteria

Subsequently, using the updated database, a second and more detailed overview was
conducted to confirm or deny full or partial compliance with the criteria. Firstly, it
should be considered that in order to obtain theminimum level of certificationWELL
Bronze, it is necessary to meet all of the prerequisites and confirm that they are or can
be met. It was therefore necessary to study all the characteristics of the prerequisites
for each concept based on the WELL certification guide [4]. Considering the status
of preliminary analysis, the objective is also to identify the elements to be improved
or implemented for the prerequisites that theMontreal city hall project does not quite
meet at the moment.

Subsequently, considering the information gathered from the stakeholders, it was
possible to identify the criteria called “optimization characteristics” that the Project
meets, or could potentially meet according to certain recommendations, in order
to achieve a higher level of certification. Each optimization characteristic allows a
certain number of points to be collected and it is these points that allow the Project
under study to reach a higher level of certification. These levels of certification and
associated scores are presented in Table 2. The choice of these additional criteria
must be based on City of Montreal’s policies and programs already in place as well
as on the specifics of the improvements made to the building through the major
renovations currently underway. Therefore, it is important to pay attention to the
choice of optimization features, since if the Montreal city hall project is not already
able to meet them, changes of nature and scope, sometimes significant, may be
required.

With reference to Table 2, the selection of the optimization characteristics to be
respected must therefore ensure that the Project achieves a minimum of 1 point and
a maximum of 12 points for each of the ten concepts [3]. Finally, depending on
the project’s ability to meet all of the prerequisites and optimization characteristics,
whichmay, at the preliminary analysis stage, be partially or partiallymet, it is possible
to decide on a WELL certification level if Montreal City Hall ever wishes to comply
with it.
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3 Result and Discussion

3.1 Review of Certifications for Existing Buildings

Following the literature review on green and sustainable certifications applicable to
existing buildings, it is possible to see that the certifications identified are mostly
certifications focused on the energy performance of buildings. It is possible to group
these certifications into two categories. First, there are certifications applicable to the
real estate management of existing buildings, whose main objective is to achieve the
ecological efficiency of buildings through the implementation of green and sustain-
able policies. These certifications are LEED EBOM and BEST Sustainable Work-
places Program. We also find certifications more commonly applicable to the reno-
vation of existing buildings or the construction of new buildings. These certifications
are BOMA BEST Single Building stream, Living Building Challenge, Zero Carbon
and WELL. These certifications are summarized in Table 3.

LEED EBOM is a certification adapted to existing buildings and interior spaces.
The certification is based on 7 categories of requirements: location and transportation,
sustainable site, water efficiency, energy and atmosphere, materials and resources,
indoor environmental quality and innovation [5]. In order for a project to be certified,
it is necessary to compile building performance data over aminimumperiod of 1 year.

Table 3 Summary of green and sustainable certifications for existing buildings

Certifications Main objectives Categories

LEED EBOM Green and sustainable operation
and maintenance programs and
policies

Green operations and
maintenance

BOMA BEST Sustainable
Workplaces Program

Sustainable property
management based on
environmental and procurement
policies

Environmentally friendly
property management

BOMA BEST Single Building
stream

Energy efficient property
management for all types of
existing buildings

Energy efficiency

Living Building Challenge Buildings that contribute to
restoring the natural
environment while allowing the
community to reconnect with
nature

Energy efficiency

Zero Carbon Buildings whose operations are
low carbon, with the aim of
achieving carbon neutrality

Energy efficiency

WELL Application of occupant health
and well-being concepts in
building design

Health and Wellness
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Once certification is obtained, it is valid for a period of three years. Buildingmanagers
must therefore maintain their database and ensure the continuity of the measures put
in place in order to obtain LEED EBOM certification again.

The BOMA BEST Sustainable Workplaces Program is also a certification for
existing buildings or interior spaces and is renewable every three years [6]. This
certification is based on procurement and environmental policies. The requirements
of the procurement policies in place are, for example, to demonstrate concern for
the procurement of sustainable and responsible equipment through Energy Star,
EcoLogo, FSC, etc. certifications [6]. Subsequently, through environmental poli-
cies (water, energy, waste management, etc.), BOMABEST SustainableWorkplaces
Program certification requires that the spaces evaluated be certified by an ecological
certification program, which distinguishes this certification from others, since its
validity depends, among other things, on prior ecological certification. In the same
BOMABEST category is the SingleBuilding stream,which aims to certify a building
on the basis of its energy performance, i.e. its energy intensity, water use intensity
and Energy Star performance rating [7]. For this certification, the building under
study must have an occupancy rate greater than 70% over a consecutive 12-month
period in order to be eligible for the higher levels of certification [7]. Otherwise, only
the basic level (Certified level) can be obtained.

The Living Building Challenge (LBC) certification, on the other hand, aims to
demonstrate that a built environment can truly contribute to restoring the natural
environment, while allowing the community to reconnect with nature. The LBC
certification is applicable to all types of buildings (new construction, renovation of
existing buildings, interior spaces), is built around seven categories of requirements
(called petals) and is obtained only once after a 12-month commissioning period [8].
The LBC certification presents an interesting particularity contrary to other green
certifications. The latter adapts to the regions, the environment and the social context
of the projects. This adaptation is reflected in the Living Transect [8], which allows
exceptions to the requirements to be applied depending on the context of the projects.

For its part, the Zero CarbonBuilding (ZCB) certification aims to certify buildings
that are efficient and low in carbon emissions. This certification offers two possibil-
ities, Carbon Zero Design and Carbon Zero Performance. The Performance certifi-
cation focuses on the zero-carbon operation of existing buildings, unlike the Design
certification, which covers their construction (new or renovated). The principle of
ZCB certification is to achieve carbon neutral buildings by measuring intrinsic and
operational carbon emissions, while considering the carbon emissions avoided, for
example through the use of green electricity, the implementation of an offset plan or
other mitigation measures [9].

WELL certification aims to integrate the notions of well-being and health of
occupants into a sustainable development approach, unlike known ecological certi-
fications that put forward the energy performance of buildings [4]. This translates
into the quality of the design and layout, the quality of the interior environment, the
building’s mechanics and the well-being of the occupants in all its facets; healthy
living habits, working conditions, physical activity, nutrition and more [10].
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Table 4 Validation of the application of certifications for identified existing buildings

Certification Applicability to the Montreal city hall project

LEED EBOM Yes Certification already applied to the project

BOMA BEST Sustainable Workplaces
Program

Yes Provided LEED EBOM certification is
obtained

BOMA BEST Single Building stream Yes The objectives of this certification are
oriented towards certain project objectives,
but mainly focused on specific energy
performance objectives

Living Building Challenge Yes The objectives of this certification are
oriented towards certain project objectives,
but are more restrictive and complex

Zero Carbon No The objectives of this certification are not
aligned with the objectives of the project

WELL Yes The objectives of this certification are
oriented towards certain project goals and
could be a complement to LEED EBOM

Considering the objectives of each of these certifications, it would have been
possible to apply the majority of them to the Montreal city hall major renovation
project, as can be seen from Table 4. However, the level of complexity and the
concordance between their objectives and those of the project favoured the selection
of LEED EBOM certification, without necessarily involving major expenditures in
terms of new construction. Indeed, at the beginning of the project, there was talk of
consideringLEEDEBOMandLBCcertification.However, theLBCcertificationwas
particularly restrictive in terms of the selection of construction materials (certified
materials, local suppliers, etc.), whichwas an important issue regarding the feasibility
of this certification. On the contrary, LEED EBOM mainly targeted the building
operation phase,whichwasmore in linewith theMontreal city hall project objectives.

Finally, it can be seen that the WELL certification is the only certification for
existing buildings that focuses on the aspect of well-being and health of the users.
This is why WELL certification seems to be an enlightened and innovative choice to
complement the sustainable aspect of the Montreal city hall building. This comple-
mentarity offers Montreal City Hall the opportunity not only to demonstrate its
ecological capabilities by improving its operations and maintenance management
methods, but also its ability to optimize its performance in terms of well-being in the
workplace, linked to healthy and optimal working conditions for all of its users.

3.2 Preliminary Analysis of the WELL Certification

Considering the added value that WELL certification seems to offer, it is essential
to analyze the feasibility of applying it to the upgrading to standards and heritage



Green and Sustainable Certifications for Existing Buildings … 507

restoration of Montreal city hall project. First of all, the first essential verification, as
mentioned above, is the validation of compliance with the prerequisites. Following
a detailed analysis of these prerequisites, it is possible to affirm that approximately
50% of the prerequisites are currently met. Indeed, the prerequisites are globally
respected. However, certain criteria must necessarily be validated by carrying out
tests (upstream optimization to be planned or analysis of what exists), which prevents
a decision on the acquisition of these characteristics. However, there is no major
doubt as to their compliance. Overall, it is considered that the prerequisites could
be met in their entirety, while still considering the adjustment of certain elements,
particularly with regard to internal policies and programs in place. This would result
in the achievement of the basic level of WELL certification, theWELL Bronze level.
Subsequently, with a view to improving the basic certification, the performance
optimization characteristics were reviewed in detail to confirm the possibility of
obtaining a minimum of 1 point for each of the ten concepts. Certain optimization
characteristics were therefore confirmed as having been acquired by the project and
other characteristics were identified as potentially met, provided adjustments were
made. These adjustmentsmay be related, for example, to space planning, components
of the various mechanical systems, or existing policies and programs. The results
of the detailed preliminary analysis of each of the optimization characteristics are
presented in Table 5 and all of the points identified are grouped by concept.

From Table 5, it is possible to see two main elements. First, theMontreal city Hall
project would be able to obtain a minimum of 1 point for each concept, which would
allow it to reach theWELL Silver level. Reaching this level is confirmed on the basis
of eight out of ten concepts with one point acquired according to known data. The
Water and Acoustic concepts are the ones that could prevent the achievement of the
Silver level, considering that some characteristics must necessarily be confirmed by

Table 5 Results of a detailed preliminary analysis of the WELL optimization criteria for the
Montreal city hall project

Concepts Minimum acquired score of 1 point (yes/no) Potential score (points)

Movement yes 5

Air yes 1–3

Community yes 1–2

Sound yes (after testing) 1–2

Thermal Comfort yes 2–6

Water yes
(with improvements and/or features validation)

1–2

Mind yes 1–2

Light yes 1–4

Materials yes 1–2

Nourishment yes 1–3

Innovation N/A 1–5
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the realization of tests. In fact, one of the last steps of the certification is the realization
of tests, by a representative of the International WELL Building Institute (IWBI),
directly realized in the spaces of the building being certified. These tests validate,
for example, the air quality, water quality, reverberation, acoustic performance and
more in order to confirm compliance with the prerequisite or optimization character-
istics. However, this missing information and test results are not considered critical
to their feasibility. Conversely, some concepts have a high potential score, such as
the Movement and Light concepts, all of which can be justified, among other things,
by the geographic location of the building, the improvements and the targeted perfor-
mance objectives of the project. For the Movement concept, the main optimization
characteristics that allow the achievement of 5 points are, among others:

– The Bike score (99), Walk score (98) and Transit score (80) being much higher
than the minimum thresholds.

– The presence of a 103 m2 bicycle room that can accommodate approximately
72 bicycles and is composed of several showers, changing rooms and numerous
lockers, all of which are well within the minimum required limits.

– The geographical position of the building favouring walking and access to public
transport.

For the Light concept, the Montreal city hall project stands out for the devices
implemented to improve the brightness and luminous comfort of the workspaces.
The project includes the following elements:

– Installation of motion detectors for the control of general lighting;
– Installation of dimmers in some rooms (offices and conference rooms);
– Centralization of open spaces, but installation of daylight sensors;
– Provision of an individual table lamp for each workstation or office;
– Installation of daylight detectors;
– Installation of a system of lighting control stations with customizable control

buttons (programming according to action or conditional logic, e.g. time of day).

The concept of Materials and its various optimization features should be empha-
sized. Indeed, the characteristics of this concept are not simply limited to the quality
of the materials used. This concept aims to maximize the reduction in the use of
materials composed of elements harmful to health and the environment (presence of
lead, mercury, asbestos, etc.), to standardize the management of these elements, to
limit the use of materials containing volatile organic compounds (VOCs), to sustain-
ably improve the policies and protocols in place regarding the choice of materials
and cleaning products used, and more. In the context of upgrading to standards and
heritage restoration of Montreal city hall, it is still difficult to confirm the conformity
of most of the optimization features, but the potential is visible, particularly in terms
of the points that could be obtained for compliance with the limits on the use of VOCs
in building materials, since this criterion is just as applicable to the LEED EBOM
certification already applied to the project. For example, the following elements are
specified in the construction specifications: use of materials without orthophthalate,
added formaldehyde or heavy metal stabilizers. It is also specified that the finish
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of new and restored windows and architectural caulking must meet the 250 g/L
VOC limit, in addition to a required environmental product declaration. In addi-
tion,WELL’s optimization features for cleaning products andmaintenance protocols
are equally applicable to LEED EBOM certification, as are certain criteria related
to the HVAC system. Thus, supporting documentary evidence and testing must be
conducted to demonstrate compliance with these characteristics specific to WELL
certification, but its complementarity with LEED EBOM certification significantly
increases the chances of compliance with these optimization characteristics, even at
this first stage of preliminary analysis.

The second piece of information that can be drawn from Table 5 is the potential
possibility of attaining a certification level higher than Silver. Indeed, the potential
score identified in the detailed preliminary review of each of the optimization charac-
teristics suggests that a score of 2 points per concept would be possible. It is possible
to see in column 3 that all the concepts, with improvements, modifications and/or
tests to be performed, would potentially be able to obtain the 2 points required for
the WELL Gold certification level.

3.3 Adaptations Following the COVID-19 Pandemic

Over the past year, there has been an agreement to rethink the layout of workspaces in
order to respect the minimum distance of 2 m at all times between each person sitting
at a workstation. This decision was made through the consultation process with user
representatives of the city hall, a process that has been in place since the beginning
of the design phase of the project in 2017. In addition, these same workspaces have
been redesigned to allow for greater flexibility and versatility, considering that, from
now on, approximately 70% of the workspaces on the new floors will be open-plan
with reconfigurable workstations. In addition, in order to optimize the building’s air
quality, the fresh air ventilation system will be decentralized without recirculation,
which means that fresh air will be conveyed to each room through a separate network
of ducts and 100% of the stale air will be evacuated outside the building, without
mixing with the air conditioning and heating system.

4 Conclusion

Finally, LEED EBOM certification was applied to the Montreal city hall project
primarily to make its operations more environmentally friendly and sustainable. In
addition, the project’s second objective was to demonstrate, on a city-wide scale, the
feasibility of such changes to operations and maintenance policies and to demon-
strate the long-term effectiveness of this certification. LEED EBOM therefore has
no significant impact on the construction phase, unlike the BOMA BEST Single
Building stream, Carbon Zero and Living Building Challenge certifications. These
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certifications focus primarily on the energy efficiency of the building, the quality and
environmental performance of building materials, mechanical systems and others,
which makes the certification process much more complex and initially went beyond
the scope desired by the City at the beginning of the project. Over the past few years,
LEEDEBOMcertification has evolved into revision 4.1, which has brought a number
of changes, all positive and supportive of the city hall project. Indeed, this version
offers performance complements in energy efficiency, user comfort, water and trans-
portation. These changes could have had a negative impact on the project and its level
of certification, but on the contrary, the LEED EBOM v4.1 version instead allowed
the project to aim for a higher level of certification than expected (possibly Plat-
inum). The additional constraints are partly addressed through the multiple modi-
fications and improvements made by the project. In addition, LEED EBOM v4.1
allows more latitude and flexibility for projects to meet the criteria, making higher
levels of certification more accessible.

Subsequently, it is possible to confirm thatWELL certificationwould be a possible
certification for Montreal city hall building considering the significant changes it
is currently undergoing. By preliminarily evaluating each of the prerequisites and
optimization features, Montreal city hall would be able to achieve the WELL Silver
certification level, provided that all prerequisites are confirmed. Furthermore, if the
City of Montreal were interested in pursuing this certification and further optimizing
its potential, an opening could be envisaged to attain the Gold level of certification,
while considering that changes to internal policies and programs would have to be
reviewed and improved, all at a significant cost. However, it goes without saying
that the achievement of such a certification for the City of Montreal would be a very
important step in the field of green and sustainable buildings and in the development
of municipal real estate management in Quebec.

Finally, initiatives to adapt to the Covid-19 pandemic context have been identified
through the modification of workspace layouts and adjustments to HVAC systems.
This is particularly important in a perspective of sustainability and adaptability of
the building for the coming decades, which could be marked bymore than one global
health crisis.

5 Recommendations

The WELL certification is a unique certification in the field of green buildings. It is
important to be aware of the fact that theWELL criteria are complex and very restric-
tive, including very high levels of employee benefits, a multitude of free services to
be offered, a strong emphasis on the integration of nature and nutrition, and very
precise thresholds for improvement in sound levels, air, water and lighting quality.
As a result, not all projects are in a position to qualify for this certification and it
would be recommended to opt for a feasibility analysis, offered by the International
WELL Building Institute, before launching the certification process for a project.
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This would limit unnecessary expenses, as the costs associated with WELL certifi-
cation should not be neglected, with reference to the professionals in the certification
community who were consulted. Thereafter, it would be recommended to start the
WELL certification process as early as possible in building renovation or construc-
tion projects, considering the specific performance characteristics to be considered
formechanical systems, space planning, architecture, policies and programs in place.
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A New Look at Designing Electrical
Construction Processes

MennatAllah Hammam, Parrish Kristen, and Feghaly Jeffrey

1 Introduction

A report by McKinsey Global Institute’s Digitization Index (2017) stated that the
construction industry has been exceptionally slow in adopting new tools and solutions
to tackle declined productivity. The report further pointed out that smaller special-
ized firms such as mechanical, electrical and plumbing subcontractors usually lag
in productivity [2]. However, the report suggests that an area that could enhance
construction productivity, by 50–60%, is through the introduction of digital tech-
nology, new materials and advanced automation [2]. Over the past decade, data
centers have been breaking ground in unprecedented numbers [11]. This rise in the
construction of data center projects is expected in an era where the internet plays
a critical role in our day-to-day lives. The construction of data center projects has
emerged as a nichemarket to designers and contractors, due to the general complexity
associated with these types of projects. Moreover, the construction of data centers
requires extensive electrical and network cabling, and in certain situations, MEP
systems may account for up to 50% of the projects value. The reality of the matter
is that, for the time being, not many builders may be interested in taking on the
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risks associated with these types of projects [9, 11]. Moreover, electrical activities,
especially cable pulling, are also often associated with multiple safety concerns to
workers. In part, this is due to weight of cut cables, where four or five cables can
weigh up to 4000 lb and can cause risks such as back injuries or strains [14].

There are several reasons why the construction industry has been slow to intro-
duce automation technology, especially in the United States [12]. David Wisnoski,
Vice President of the Industrial Systems Group based in Naperville, Illinois stated
that a robot’s ideal environment is a “structured” environment [12]. That being said,
very fewwill argue that the construction industry is one that is completely controlled.
Therefore, in order to achieve greater automation and robotization in the construc-
tion industry, it is essential to improve the structure of the construction environment,
which requires a closer look at how tasks are accomplished and using new technolo-
gies to assist in recognizing structure [8]. Looking at the above-mentioned factors,
there is a need for technologically advanced alternatives to accomplish various scopes
of work in the construction industry such as mechanical, electrical and plumbing,
especially on technically-advanced projects such as data centers. This study uses the
cable pulling and termination process as a case study to investigate how automation
can be added into a reconfigured process. It is important to consider how technology
impacts processes prior to utilizing new technology in the electrical construction
processes. The aim of this paper is not to replace all manual operations, but to provide
support to electricians in the most physically-demanding activities and leverage their
skills to operate automated devices. By mapping the existing process and proposing
a future state of practice, this study provides a methodology to restructure and
improve an existing electrical construction process for automation. Although this
paper focuses on the electrical cable pulling and termination process, the process
mapping method presented may be applicable to other key construction processes.

2 Previous Research

This study consisted of two separate literature reviews to grasp a firm understanding
of the previous research conducted relating to the topic of interest. To the first review
of the literature explored the various approaches that have been taken to introduce
automation in the construction industry. The second review of literature identified
how automation implemented in other industries can be applied to the construction
industry.According toKoksela [10] the construction industry has been suffering from
insufficient attention to process improvement, leading to a substantial amount of non-
value adding activities in construction processes. Before introducing automation to a
particular construction process, it is essential to closely assess the importance of the
activities involved in that process and observe whether they add value to information
and material flow. Instead of viewing automation as a tool to accomplish tasks on
a job site, it should be taken as an opportunity to optimize and improve current
practices. As Koksela [10] argued, the industry is still missing the principles on
which a construction process could be analysed, designed, managed and improved.
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Several researchers have attempted to put in place frameworks to determine the
feasibility of a process for automation; however, most have failed to assess and
improve the processes in place before attempting automation. For example, [8] iden-
tified three ways to assess the feasibility of a process for automation or robotization.
The study looked at need-feasibility, technological feasibility and economic feasi-
bility. According to these factors and interviews with experts from the construction
industry, the researchers selected 33 construction processes as potential candidates
for automation among which are drywall, pile driving, scaffolding and many more
[8].

Another approach was taken by Everett and Slocum [4], where the researchers
established a taxonomy for construction field operations. In this study, a construction
project was divided into seven levels (1) Project; (2) Division; (3) Activity; (4)
Basic Task; (5) Elemental Motion; (6) Orthopedics; and (7) Cell. The Basic Task
level, which the researchers identified as a crucial level for construction automation,
was broken down into a set of twelve basic tasks. The researchers argued any task
performed on a construction field is comprised of one or more of the following
basis tasks: connect, cover, cut, dig, finish, inspect, measure, place, plan, position,
spray, and spread. These basic tasks can be performed by craftspeople or machines.
Furthermore, in their study construction tasks were divided into two components: the
physical components and information components. The study found that human craft
workers are more productive when it comes to information intensive activities [4].
These findings reinforce the claim that the industry should re-think the way things
are done by making use of its crafts people’s skills in accomplishing information
intensive tasks and limit their involvement in physically intensive chores that can be
accomplished by robots or machines.

Agusti and Pawar [1] developed a Balanced Scorecard (BSC) to put in place eval-
uation criteria at operational, organizational, and societal levels to introduce automa-
tion in construction. By determining relevant Key Performance Indicators (KPIs),
the BSC aids construction organizations in implementing automation in construction
to “improve productivity and ensure the well-being of the environment and society”.
The discussed approaches used by other researchers are beneficial in looking at the
big picture. However, it is essential to look at construction practices at a closer level.
It is important to study existing processes before deciding on their feasibility for
automation or attempting to automate their individual activities. By providing more
structured processes and improved practices to accomplish construction work activ-
ities, the skills and experience of craftspeople will be put into more beneficial use
on construction sites. The authors of this paper believe that automation should be
used to facilitate division of labor between person and machine to utilize the best
abilities of each. The aim should be to use automation to assist, rather than replace,
humans and help boost productivity. This research has revealed that tasks similar to
the activities involved in cable pulling and termination process have been automated
in applications such as surgical operations and firefighting by using surgical assis-
tants and robots. Some construction sites have also adopted the use of mobile robots
which would be of great benefit in automating simple activities such as transporting
materials around the job site.
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3 Research Methodology

This paper adopted a three-step research method, as illustrated in Fig. 1. The first
step consisted of conducting a state of practice to map the current cable pulling
and termination process within the construction industry. The authors of the paper
collected data by visiting three data center construction sites, observing the electrical
crewpull cables along cable trays for one day for each site. Structured interviewswere
used to collect information about the most time-consuming activities and challenges
the team face during this process. The authors also collected data on average durations
per cable pulling activity and the respective manpower required. Four to five team
members were interviewed per construction site, which included superintendents,
project managers, project engineers, foremen and electricians. The authors observed
the process from start to finish and recorded the activities performed for each site.
The collected data was used to develop an initial process map that illustrates the
sequence of activities required to complete the cable pulling process.

The second step of the three-step research method was process map validation. In
this step, a panel of four industry experts were consulted to review the initial process
map.Members of the industry expert panel had on average over ten years of electrical
construction experience and completed over four data center projects in their careers.
The panel thoroughly provided their input for developing the current process map
for cable pulling. The industry experts provided minor varying sequence relating to
cable pulling activities from one construction site to another; however, the larger
sequence was uniform between all experts and helped in identifying the fundamental
activities required to accomplish the process.

The third and final step aimed at categorizing the activities in the process map to
identify waste and non-value adding activities. As explained in Fig. 2, the catego-
rization process started by highlighting activities that have potential to be completed
offsite. This can be completed utilizing several methods, including but not limited to,
off site pre-fabrication. This approach would not only save labor but also the space
required to store and handle bulky materials on site which will be explained in detail
later in this paper. After identifying methods to complete a number of the activities

Fig. 1 Research methodology
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Fig. 2 Activities categorization steps

off site, certain related activities had to be eliminated from the process because they
no longer fit in the overall sequence. The activities falling in the third category were
studied and a literature review was conducted to identify similar activities in the
construction, medical, manufacturing and agriculture industries that have success-
fully been automated in order to assess the applicability of automation to the these
activities.

4 Current Process

For data center projects, there are two commonly used methods to run power and
network pathways. Typically, the decision on which method to use is the designer’s
or owner’s decision [7]. The first method is running overhead cables in conduits from
a distribution frame to receptacles or wire busway above each cabinet. The second is
running underfloor cables in a data center with a raised floor. For power cables, metal
conduits are used in cases when it is required. In other cases, liquid- tight flexible
cable is used. The construction of these systems requires immense coordination with
other underfloor systems such as chilledwater piping and fire detection (Geng, 2014).
As the demand to upgrade or build new data centers continues to grow, more cabling
is required to meet the increased data storage and application processing needs. The
larger the size of the data center the more complex the cabling gets and the more
labor it consumes.

This section aims to demonstrate the state-of-the-art process used for cable pulling
and termination on construction sites after a thorough validation by industry experts.
Figure 3 gives an illustration of the complex process. Arrows are used to show
the flow of information and materials between team members performing different
activities. The processmap only shows cable pulling and termination activities during
the construction phase. Several other tasks are required for completing this process
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Fig. 3 Current process

before the cables arrive on site. Performing cable calculations to determine the forces
required to pull cable or creating cable labels are examples of activities that are not
included in the process map. Following Everett’s [4] methodology, Fig. 3 illustrates
the sources of physical and information components for each activity.

By observing the current practices, twelve out of fourteen activities depend on
human input for both the physical and information components, the remaining two
activities depend on human input in at least one of the components. Some activities
involve tools or machines that provide some help to humans. Several activities are
time consuming and labor intensive such as Activity C-3, moving cable from the
storage area to pull area. Parts D and E, pulling cable and termination, are also labor
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intensive and time consuming. Depending on the size of the cable and the length
of the run, it typically takes between two to six workers to pull 100 ft of cable as
observed by the research team.

4.1 Rationale for Process Improvement

There are three key reasons that are in favour for restructuring the current cable
pulling and termination process within the construction field. The first key reason
relates to the physical injuries associated with conducting cable pulling activities.
More specifically, receiving and staging the wire reels, in Part B, involve physical
risks such as back strain, knees and hands crushing injuries [15].Moreover, Activities
C-3 and D-3, involve carrying cable on one’s shoulders and pulling which may also
cause back strain and high pulling tension recoil. The second reason is that cable
pulling is a very labor-intensive process. Interviews with material handlers on data
center construction sites revealed that it requires at least two construction workers to
move 100 ft of medium voltage cable and at least four construction workers to pull
it from its start to end point. Electricians added that an activity such as termination,
Activity E-2, as mentioned by electricians on site, requires high skills, dexterity
and precision; to terminate one uninterruptible power supply (UPS), it may take an
electrician a day to a day and half of work.

The third reason why this process should be improved is due to its cyclic nature.
The process consists of cycles of general basic tasks, and for some activities it is a
single cycle that repeats over and over. In addition,most of the activities in the process
are repetitive, tedious, critical to productivity and physically unsafe. Therefore, the
activities involved in this process should be studied more closely by researchers. Not
onlymay this allow researchers to create amore efficient process, but itmay also allow
researchers to investigate how automation can help restructuring the existing process
to leverage the expertise of the industry’s craftspeople. Results of such research
work may support the recruitment of young craftspeople in joining the industry.
Additionally, a safer work environment can be achieved through the automation of
unsafe construction activities. Using conventional tools in some parts of the process,
Activity C-2 and Part E in specific, is a way to reassign physical effort which means
that human still supplies all the physical and information input [4]. Power tools on
the other hand contribute to some of the physical input while the human operator
makes decisions and directions. When it comes to automatic tools, which are used
in Part B, a portion of both the physical and information component is supplied by
the tool such as a forklift. However, robots have the potential to contribute with all
the physical and information components of the work [4]. Some pre-programmed
robots can proceed with completing tasks without any human input by making their
own decisions.
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Fig. 4 Proposed process

5 Findings and Proposed Process

This section reports and discusses the key findings that were obtained through
adopting the previously mentioned research method. The process improvement steps
in the research methodology section were used to develop activities that make the
best candidates for automation. To accomplish that, the body of knowledge relating
to automation in other industries was reviewed to find proven success of automating
similar tasks to the ones involved in cable puling and termination. By finding poten-
tial in automating the individual activities, the process would possibly be restructured
in its entirety.
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5.1 Proposed Process Brief

The proposed process, illustrated in Fig. 4, would start with the Virtual Design and
Construction (VDC) team modelling the cable runs in a 4D model, using advanced
software,where cable runs are linked to the project schedule.A scheduler,whocreates
a comprehensive project schedule where individual trade activities are arranged in
a specific sequence that ties into the whole project, would be expected to revise
the pulling sequence generated by the Building Information Modeling (BIM) model
to verify that it ties into the overall project sequence correctly. BIM models may
support the VDC team in visualizing and simulating the cable pulling process, which
allows them to solve potential complex challenges in a virtual world before actual
construction commences on the field [5].

The cable manufacturer, using the project specifications as guidelines to the prop-
erties and types of cable in addition to the 4D model and the cable pulling schedule,
would arrange cable runs manufacture and delivery accordingly. The aim of having
a 4D model is to provide the manufacturer with the following information: (1) cable
run length; (2) cable run start and end point; (3) cable specifications; (4) termination
type; and (5) pull date. Consequently, the cable runs would be labeled and barcoded
by the manufacturer according to the project taxonomy. When pre-terminated cable
arrives on site, as shown in Part B, mobile robots would potentially be of great assis-
tance in visual inspection. They would potentially be able to directly update the BIM
model and hence notify the manufacturer with any cable run rejection to arrange for
re-delivery after resolving the defects. One of the recent construction innovations are
robots that are equipped with stereo cameras to enable 360-degree vision and help
react to obstacles and people when maneuvering around job sites. According to their
manufacturer, these robots can move with a speed of up to 1.6 m/s. On a construction
site, they can currently perform progress inspections and compare as-built draw-
ings to BIM. Their high-resolution camera enables it to magnify features with 30 ×
optical zoom which would be useful in cable inspection in the future. In addition,
these robots’ ability to climb stairs, navigate through rough terrain, compare as-built
drawings to BIM and its flexibility to be customized according to the user’s needs,
can make it a great candidate for locating areas and distributing cable runs across the
job site.

However, if mobile robots or autonomous equipment would be expected to trans-
port cable across the jobsite, in Activity C-1, then start and end points as well as
area coding would be essential in aiding any autonomous equipment used on the job
site to locate material drop off points. It is crucial to consider training of the crafts-
people to be able to deal with the new technology. Providing workshops to convey
how automation can possibly help in completing tasks more efficiently and safely
will encourage the workforce to explore what this technology can offer. Adopting
new technologies might also encourage younger generations to join the construction
industry. It is essential to provide the workforce with the education and training that
makes it comfortable with using new technology more frequently. Trainings would
ideally be paired with progress monitoring and evaluation to reinforce the value of
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the gained skills. Crew members who prove interest and enthusiasm in adopting,
testing and implementing innovative solutions to daily challenges using technology
and automation, can be promoted to act as catalysts for change within their teams.

5.1.1 Pulling Cable—Snake Robots

According to the research team’s site visits, pulling cable is considered a very time-
consuming activity especially when a cable tray houses a lot of cable and wire.
Moreover, there are some instances when there are obstacles beneath the cable trays
that the worker must get through to pull the cable through the path. The process
of pulling string first before the cable itself, through the run path, is an inefficient
process. Pulling the string through the cable run path and then using the string to
pull the cable through the same run is double work. Depending on the size of the
cable, pulling cable is considered one of the most labor-intensive activities in this
process. Another problem cable pullers are currently facing is the human reaction
time between detecting the obstacle and notifying the pulling partner to stop pulling.
In the current process, there are instances when the person pulling the cable would
be standing behind a wall and cannot see the complete path of the cable, the guide
in this case is usually the pulling partner’s directions which are usually provided by
radio. In this case the puller depends on a notification from the pulling partner to
stop the pull. By the time the partner is notified to stop the pull, and reacts to the
notification, the cable would be damaged already.

Snake robots are inspired from biological snakes. They are typically long, flexible
and have small cross-section to length ratios to enable them tomove like snakes,move
over irregular terrains and in tight spaces [3]. The purpose of putting research efforts
in snake robots is their potential in offering help to humans in accessing unknown
and challenging environments [3]. These robots have been developed for a variety of
applications including but not limited to firefighting and cardiac surgeries. A robotic
systemwas developed to clean and inspect the cutting head of a tunnel boringmachine
[3]. Snake robots can be powered by electric motors, pneumatics, hydraulics and
mechanical methods. After looking at the applications of snake robots in firefighting
and surgery, the authors identified them as a potential facilitator in cable pulling.
Such robots have the potential to be useful in pulling cable through cable trays or
underneath the raised floor since these robots are equipped with contact force sensors
to detect obstructions.Other snake robots are equippedwith cameras that enable them
to capture high quality images of steam vessels and pipes which could also be useful
in capturing obstructions for faster troubleshooting. Pre-programming snake robots
to run paths would be an ideal scenario in most cases. In more complicated runs, they
would possibly be run by an operator similar to how drones are currently operated. So
far, snake robots have been developed for inspection and maintenance applications
in the field of construction. No research has been found of snake robots performing
cable pulling activities, which is an area of possible future research.
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5.1.2 Termination—Surgical Assistants

Termination, Part D, is a unique and challenging process because it involves more
than one basic task and a high information input by human. It is not a move from
point A to point B type of activity. It is rather an activity that requires experience,
dexterity and precision. The two basic tasks involved in termination are cut and
connect. If pre-terminated wire and cable are delivered to the job site, as proposed
by the authors, then the cut part of the task no longer requires as much work, the
challenge would be where to connect and how to connect. Surgical assistants would
be supportive of the electrical team. They are robots that are currently used in various
surgical operations. The surgical assistant acts as the surgeon’s eyes and hands, which
are designed to work in tight space inside the human body. During a surgery, one
hand holds a lighted, high definition camera that acts as the surgeon’s hands when
the other hands hold the rest of the surgical tools. In this case, the robot is operated
by the surgeon from the high-tech station. Surgical assistants at the operating table
are responsible for observing the patient and making any necessary changes to the
tools on the robotic arms [13].

Although the surgical robots are teleoperated by a human (the surgeon) that directs
the robot, an apprenticeship learning approach has been proposed to extract smooth
reference trajectories by recording the human guided back-driven motion of the
robot [16]. This enables the robot to be programmed for several scenarios. Literature
demonstrates how human behavior can be translated into patterns that can be used by
robots. A mobile version of the robot would integrate tools required to connect the
cables to the patch panel or servers (instead of having staplers or grippers, as required
for medical applications). The robot could possibly be programmed to bundle wires
together as well, since there are already existing tools for this task. Having one robot
accomplish several tasks would be advantageous.

5.2 Proposed Process Improvements

The first asset of the proposed process is offering ways for division of labor between
themachine/robot andhuman.A robot canwork all the timewithout getting distracted
or taking breaks, thus, it can reduce overall construction time. Hence, it can relieve
workers from overworking themselves to meet high pressure deadlines. Moreover,
meeting a construction schedule is one of the project owner’s most important driving
successful metrics for project completion [6]. Therefore, introducing robots and
automation within construction activities may support a project team in meeting
their required project completion project deadlines earlier. To further reduce the
crew size required to complete the process, attempting to move part of the process
off the construction sitewould also be a beneficial proposal. If pre-terminated, labeled
cable runs are fabricated by the manufacturer, there would be no need for delivering
cable reels to the jobsite. Scheduling cable runs for delivery by the manufacturer
according to the project’s progress schedule would save labor, space, and reduce the



524 M. Hammam et al.

costs associated with labor and storage. Cable runs would ideally be delivered the
night before a pull is scheduled and directly moved to the pull area to be ready for
pulling the next morning. This will relieve workers from carrying the cable on their
shoulder around the jobsite and will encourage using equipment such as forklifts to
move the coiled length of cable directly to the pull area. This would also eliminate
non-value adding activities such as unloading cable reels, moving and stage reels and
the associated space and storage required would be eliminated by pre-fabrication,
hence providing a more efficient process, involving less steps.

However, for this process to be adopted, several points need to be considered. First,
there will be added transportation costs associated with more frequent deliveries by
the manufacturer. Second, project schedules will need to be updated timely and
accurately so accurate deliveries could be made by manufacturer on time and any
delays would be avoided. Third, there might be some safety concerns associated with
having the cable in the pull area if it is not pulled on time. Fourth, since the cables
will be pre-terminated, storing extra length of cable within the cable tray or under the
raised floor could be challenging. Fifth, although automating the pulling process will
decrease the possibility of cable damage during pulling, if the cable gets damaged
during the pull for any reason, this may possibly cause delays since cable will not be
readily available on site for replacement.

6 Conclusions and Recommendations

Cable pulling and termination is one of many construction processes that requires
an improvement effort. The growing demand for data centers has created a more
urgent need to start analyzing processes that make up a huge scope of data centers
construction work. In this paper, the current cable pulling and termination process
was mapped to understand the complete picture of what is happening, then it was
analyzed through several layers to determine waste and areas of possible improve-
ment. Automation was also explored as an opportunity for improvement and was
re-injected to restructure the process in its entirety. The proposed process presented
a future state-of-practice that would leverage the best abilities of both humans and
machines/robots. However, this is not the only possible future state, nor does it relate
to all the phases involved in the cable pulling and termination process. This study
focused on the roles of personnel who directly handle material; although there are
also other team members, involved in the planning and management aspect of the
process, such as the Designers, Site Project Managers, Superintendents and Project
Engineers who play crucial roles in the completion of the process.

While the fundamental process activities should be the same across all data center
construction sites, there may be some practice variations based on a firm’s specific
procedures or project circumstances. In addition, the specific duties of each role on
a job site could be different from one electrical subcontractor to another. Further-
more, in the developed process map, the authors assumed that companies have the
capabilities to employ a VDC team and perform regular and timely updates to their
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construction schedules. Additionally, another assumption that the proposed process
has been built on is that companies will have the financial capacity to pay for automa-
tion related expenses. A limitation of this research is that it is based on visiting three
construction sites. Therefore, future workmay aim at collecting data frommore sites,
which will only further enhance the quality of the research and perhaps bring new
insights to the automation process. The research methodology adopted in this study
to improve the cable pulling and termination process can be applied to improve
other construction processes as well. Future research can implement and test the
proposed process on active data center projects. Investigating the extent to which the
recommended robots can be adapted and scaled for the construction industry is also
an area that requires further research. Lastly, the cost–benefit of implementing the
proposed process is a scope that needs careful consideration. It is essential to under-
stand the method of introducing these technologies in construction without making
large investments that can hinder companies from taking this approach.

Acknowledgements The authorswould like to thankMortensonConstruction andCorbins Electric
for providing access to their jobsites and all industry experts who provided valuable input in this
study.

References

1. Agusti Juan I, Glass J, Pawar V (2019) A balanced scorecard for assessing automation in
construction. In: Proceedings of the creative construction conference 2019, 29 June–2 July,
Budapest, Hungary

2. Barbosa F et al (2017) Reinventing construction through a productivity revolution. McKinsey
Global Institute. Retrieved from https://www.McKinsey.com/industries/capital-projects-and-
infrastructure/our-insights/reinventing-construction-through-a-productivity-revolution

3. Bogue R (2014) Snake robots: a review of research, products and applications. Ind Robot
41(3):253–258

4. Everett J, Slocum A (1994) Automation and robotics opportunities: construction versus
manufacturing. J Constr Eng Manag 120(2):443–452

5. Feghaly J, Ayer SK, ElAsmarM (2020a) Assessing the impact of utilizing building information
modeling on alternative project delivery method projects. In: Construction Research Congress
2020, 8–10 Mar, Tempe, Arizona, pp 1073–1080

6. Feghaly J, El Asmar M, Ariaratnam S (2020) State of professional practice for water infras-
tructure project delivery. Pract Period Struct Des Constr 25(3):04020018. https://doi.org/10.
1061/(ASCE)SC.1943-5576.0000500

7. Geng Hwaiyu PE (2015) Part II data center design and construction. In: Data center handbook,
1st edn. John Wiley & Sons Inc., Hoboken, New Jersey

8. Kangari R, Halpin D (1989) Potential robotics utilization in construction. J Constr Eng Manag
115(1):126–143

9. Khanzode A, Fischer M, Reed D (2008) Benefits and lessons learned of implementing building
virtual design and construction (VDC) technologies for coordination of mechanical, electrical,
and plumbing (MEP) systems on a large healthcare project. J InformTechnol Constr 13(Special
issue Case studies of BIM):324–342

10. Koskela L (1992) Process improvement and automation in construction: opposing or Comple-
menting Approaches?. Paper presented at the 9th international symposium on automation and
robotics in construction (ISARC), 3–5 June, Tokyo, Japan

https://www.McKinsey.com/industries/capital-projects-and-infrastructure/our-insights/reinventing-construction-through-a-productivity-revolution
https://doi.org/10.1061/(ASCE)SC.1943-5576.0000500


526 M. Hammam et al.

11. Lucy J (2019) The power of data centers. Electrical Wholesale. Retrieved from, http://login.
ezproxy1.lib.asu.edu/login?-proquest-com.ezproxy1.lib.asu.edu/trade-journals/power-data-
centers/docview/2218082877/se-2?accountid=4485

12. Paulson B (1985) Automation and robotics for construction. J Constr Eng Manage ASCE
111(3):190–207

13. Roswell Park Comprehensive Cancer Center (2020) Robot-assisted surgery—how it works.
Accessed 20 Feb 2020. Retrieved from https://www.roswellpark.org/cancer-care/treatments/
robotics/what-robotic-surgery/how-it-works

14. The Secret to Cable Pulling (2000) EC&M Electrical construction & maintenance 99(9)
15. United States Department of Labor. Ergonomics etool: solutions for electrical contractors—

Installation and repair: pulling and feeding wire. Retrieved from https://www.osha.gov/SLTC/
etools/electricalcontractors/installation/pulling.html

16. Van den Berg J et al (2010) Superhuman performance of surgical tasks by robots using iterative
learning fromhuman-guided demonstrations. In: IEEE international conference on robotics and
automation, 3–8 May, Anchorage, Alaska, pp 2074–2081

http://login.ezproxy1.lib.asu.edu/login?-proquest-com.ezproxy1.lib.asu.edu/trade-journals/power-data-centers/docview/2218082877/se-2?accountid=4485
https://www.roswellpark.org/cancer-care/treatments/robotics/what-robotic-surgery/how-it-works
https://www.osha.gov/SLTC/etools/electricalcontractors/installation/pulling.html


Framework for Automation
of Construction Progress Tracking
on Indoor Environment, Using
Autonomous Rover and Beacon-Based
System

Leo Marcy, Etienne Clement, Ivanka Iordanova, Daniel Forgues,
and David St-Onge

1 Introduction

Due to the fragmented nature of construction, its dynamic environment and unique
resources, the construction industry suffers from low productivity, cost and schedule
overruns, as well as recurrent safety problems. Traditional data acquisition and
process monitoring remain manual, time-consuming and error prone, and yet repre-
sent an important part of construction workers’ time. This explains why progress
is never in concordance with the first estimations, leading to schedule delays, costs
overruns and client dissatisfaction.

Recent developments in technology-based tools for real-time data acquisition
could help solve these problems, and significantly improve the sector’s productivity
[28]. There has been much research into the use of autonomous progress tracking
to deliver precise and reliable information, to the right person, at the right place and
time. Such information allows the project manager to make appropriate decisions
and to ensure that the project will be delivered according to the required parameters
[22].

This article is a first paper of a larger research programme to develop a framework
for automated progress monitoring of construction work, and to validate this frame-
work through case studies in real contexts. The paper is composed of three parts,
namely: (1) a literature review, the results of the utilization of new technologies
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in construction which are systemized in a table of technologies associations work-
flow; (2) a proposed theoretical framework for automated progress tracking through
association of technologies and data fusion; (3) a description of a case study based
on BIM, mobile Light Detection and Ranging (LiDARs) and beacon technologies,
for partial validation of the proposed framework. A discussion of the results and
prospects for future work will be presented at the end.

2 Literature Review

This literature review explores the automated progress tracking process in 3 steps:
(1) data acquisition technologies; (2) methods for automation of progress tracking
tasks; (3) systemized technologies workflow.

2.1 Data Acquisition Technologies

Combinations of three categories of technologies are reported to be used for efficient
data retrieval, namely: (1) imaging data collection technologies; (2) information
transfer technologies; and (3) support technologies as drones or robots.

2.1.1 Imaging Data Collection Technologies

Imaging data collection technologies, such as photogrammetry and LiDAR, allow
for the capture of the as-built environment and to transform it into a point cloud.
Photogrammetry is relatively easy to use in terms of data collection (pictures or
video), but some factors such as lighting conditions and shadows, reflective surfaces
and movement can affect the point cloud processing and the quality of the model
[11, 14]. The data collection process is usually time consuming if the visual material
is taken manually.

Terrestrial LiDAR provides a very dense point cloud. There are two types of
terrestrial LiDARs, mobile and static. Static LiDARs provide structured point clouds
which contain each scan’s localization, panoramicpictures, depthmapand, as a result,
a complete 3D point cloud of the scanned installations. Such LiDARs are usually
installed on tripods on site and capture the data in 360°. They have a good accuracy,
and allow to detect all types of elements, structural components [15], Mechanical
Electrical and Plumbing (MEP) equipment [6] or secondary elements [1]. They are
commonly used in 3D reconstruction process, Scan vs BIM and Scan to BIM in order
to compare with the as-planned BIM model [21]. Static LiDARs technology gives
good results in terms of precision and density of point cloud, but the process remains
manual.
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Mobile LiDARs provide unstructured point clouds—with undefined localization
and orientation of the separatemomentary scans, and thus, do not convey the structure
of the project. They capture the data in movement, and hence, the scans are less
precise and less dense than a structured point cloud. Mobile LiDAR is used in the
automobile industry to facilitate the autonomous navigation of cars using the SLAM
algorithm. Experiments were conducted with it in a construction site context, with
the purpose of reconstructing a 3D as-built model [4]. This technology is today the
most autonomous way to collect data, but typically the point clouds need a lot of
treatment to have good results for 3D reconstruction.

2.2 Information Transfer Technologies

Various kinds of information transfer technology can be used in the construction
industry to detect the location of elements and resources in an indoor environment. In
what follows, we describe the relevant specificities of Radio Frequency Identification
(RFID), QR barcodes, Bluetooth Low Energy (BLE) and Ultra-Wide Band (UWB).

RFID tags can be used to support resource tracking in the supply chain during the
construction process. Their possible integration with BIM was explored to track the
location of all types of resources: workers,materials or equipment [28]. They can also
be used for safety management by identifying high risks areas or improving emer-
gency evacuation [19]. The RFID technology allows remote information capture
and real-time tracking but can be hampered by interferences between the radio
frequencies on construction site.

UWB tags, are also used to detect elements, mostly for location and tracking of
equipment and resources in real-time on construction site [26]. That technology has
a real-range higher than RFID and the location is more precise on indoor environ-
ments. UWB don’t interfere with other radio-frequencies system. According to the
literature, the signal passes through obstacles, which gives high accuracy positioning
on construction site [3].

Another possibility is the QR barcodes code which can be used to detect element’s
location. The codes are fixed on elements and read by a portable light scanner or any
mobile camera-equipped device [23]. That technology is of a relatively low interest
for construction because of the low durability of the labels and their very short range.

The last technology explored for indoor object detection is the BLE. In construc-
tion the BLE beacons are used to detect and to track tools [5], or equipment on the
site map [24]. They can also help for the safety management on site [27], as they
can assist in detecting hazardous locations in relation to workers’ proximity to them
[25]. Recently, BLE is also explored for productivity management in prefabrication
by using them to remotely control the machines [12]. Finally, for collecting data
for production control, a real-time tracking system was developed, attaching BLE
beacons to the workers [2]. The benefits of that technology are the low price of the
beacons, and a very-user friendly interface. Beacons can be read and updated by all
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mobile BLE-equipped devices as smartphone and tablets. However, their range is
shorter than RFID or UWB.

More indoor positioning systems can be explored, such as Infrared (IR), Ultra-
sonic, Zigbee or Wireless LAN [3] but they are rarely used on construction sites. We
can also mention the Global Positioning System (GPS) and Geographic Information
System (GIS), very useful in construction but they are not in the scope of our research
because they only work on outdoor environments.

2.2.1 Supporting Technologies

“Support technologies” are defined as technologies which are not literally capturing
data, but which can be combined as a support for data acquisition technologies. Tradi-
tionally, data acquisition is done manually by workers who take pictures or use fixed
stations (tripods) for LiDAR for example. Anymobile vehicles can be combinedwith
acquisition technologies, but recently, two types of autonomous technologies adapted
for construction industry appeared on the market, the drones or Unmanned Aerial
Vehicle (UAV) and the Terrestrial Robots or Unmanned Ground Vehicle (UGV).

UAV are more and more used and investigated for construction management
tasks [17], for tracking resources locations [16], or to perform inspection for quality,
safety and maintenance and to compare the acquisition with the 4D model [20]. The
utilization of drones on indoor environment had made impressive progress but it still
very challenging due to the low flight reliability of small UAV. According to [8] this
is the reason why drones are not used for indoor construction sites yet.

A UGV robot is a small vehicle that can browse the construction site to capture
different data on the field—following a predefined path, remotely piloted by a user,
or in an autonomous manner. In construction, robots are used for automation of
different tasks, such as: site and material resources management, workers’ safety
and for creation of an as-built 3D model through laser scanning or photogrammetry
[4]. Limitations are in respect to the battery lifetime and in the robot’s ability to move
in rough environment (use stairs, cross or avoid obstacles). Rovers are well adapted
for indoor environment, because they don’t need satellite information, and all the
mapping process can be implemented inside the robotic navigation system from the
BIM information, and complemented by the SLAM algorithm.

2.2.2 Automated Progress Tracking Through Association
of Technologies

In the previous parts of this paper, research on individual data-acquisition tech-
nologies was explored—presenting their benefits and their limitations. Combining
these technologies has the potential to successfully address some of the prob-
lems mentioned in the introduction of the paper. Thus, some hybrid systems are
also presented in the literature. For instance, the association of static LiDAR and
photogrammetry is used to manage the progress of work and to improve the quality
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of the information [11, 20]. The combination of UAV or UGV with laser scanner
or beacon reader allows to cover a higher perimeter on site, and to explore difficult
areas in order to acquire data quickly and safely [29]. Other researchers explore the
association of beacons technologies with GPS to add location characteristics to the
tagged items [30].

In what follows, we describe the steps necessary for automated progress tracking
on construction site.

2.2.3 Data Retrieval

Imaging data—point clouds, images or videos captured by LiDAR, represents
directly the reality and provide useful information from the construction site. For
beacons data, the process requires more effort as that type of data does not show
directly interpretable information for the progress tracking. It must be sorted, classi-
fied and analysed to register useful information. The captured data from beacons is a
unique ID and the associated information. To be used it has to be stored in a database
in which information can be associated and modified. The link to the BIM can be
created by using a database which contains the beacon information [27]. However,
it could be more complicated and manual for different types of information. After
this, the information is sorted and filtered for the needs of the next step.

2.2.4 Data Treatment

The data treatment represents the necessary processing to extract usable information
from the data acquisition. The treatment of the point cloud is a complex process
which differs according to the type of point cloud. For a structured point cloud, after
noise reduction, in various software it is possible to create a mesh model, which
will allow the detection of elements and the generation of an as-built 3D model. The
process is much more complex for unstructured point cloud. To generate a 3D point
cloud from the camera data, a Structure from Motion Technique is used. The point
clouds from the mobile LiDARs are created by the SLAM algorithm also used by the
robot navigation. Information from this technology is less precise than a structured
point cloud and it has to undergo additional processing. A Statistical Outlier Removal
(SOR) algorithm is applied to reduce the noise: it deletes points without a selected
number of neighbors. Once, this filtration methods used, it is necessary to merge the
points clouds to create a unique point cloudwith all the information. It is generated by
the (Iterative Closest Point) ICP algorithm which allows the alignment of the multi-
source point clouds. Obtaining a single point cloud is necessary for the process of
semantic segmentation achievable through Machine Learning and Computer Vision
methods, leading to elements’ identification [4].
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2.2.5 Progress Estimation

Then, the step of progress estimation is based on data analysis and consists in the
comparison between work done and work planned for the same date. That is why,
in the larger context of this research we outline the need to build a reliable as-built
4D model allowing the comparison with the as-planned. The as-built model is super-
posed on the as-planned for comparison and to underline deviations—which repre-
sent delay or advance in the work. The next step in the process is object recognition
and the correspondence between object detected and expected. For this stage, many
authors offer methods and procedures. The recognition can be done by creating mesh
model and comparing the geometry of elements by their size. This method works
for different types of elements such as structural elements [4, 14] or MEP equipment
[9]. The number of similar points between the two models also allows to detect the
elements [7]. Other methods are the recognition bymaterials texture [10] by the color
of elements [1] or also by the extraction of quantity to estimate the progress [18].

2.2.6 Data Communication/Visualisation

Finally, the last step of the progress tracking process is the choice of the communi-
cation—usually through visualization, wished by the project manager. For this task,
Augmented Reality/Virtual Reality (AR/VR) are more and more proposed because
it facilitates the understanding and the communication of the results between all
actors and allows to see clearly the deviation or the advancement of the works by
using color-code [14]. In addition to AR, we can imagine other methods of visual-
izing progress, such as a dashboard with key progress figures (percentage of work
completed, percentage of work ahead, on time, and behind schedule, costs incurred,
remaining budget, etc.) or a 4D colored model with resources installed and recently
validated, those awaiting validation, or those in stock [13].

2.2.7 Systemized Technologies Workflow

Many of the previously reviewed technologies have to be combined or linked in
order to automate the data acquisition and treatment. The following diagram (Fig. 1)
represents the consecutive steps of technologies’ combinations found in the literature
review, in the process of construction progress tracking.

It should be mentioned that the technologies, their links, combinations and the
processing of the data, presented in the above diagram, do not exhaustively describe
the domain but only give a snapshot of the findings in the literature review of this
paper. The figure proposes a framework for the representation and the actual content
can be periodically updated to follow the evolution of the technologies and methods.
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Fig. 1 Exploration of technologies associations for progress tracking

3 Proposed Framework

Based on the literature review, a general framework for construction project progress
monitoring was designed. As shown on Fig. 2, the data acquisition process is sepa-
rated in three parts depending on the type of data that needs to be acquired, the
necessary precision and the ability of technologies. As presented on the figure: in red
is the process of acquiring outdoor data needed for topographic surveying, excavation
or outside monitoring. This acquisition is usually supported by GPS-guided UAVs

Fig. 2 Operational framework for holistic automatic progress tracking system
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equipped with camera and LiDARs, to obtain a point cloud of the exterior condi-
tions; In blue is the process for acquiring indoor data—mainly of architectural and
structural elements. There the trajectory and the data capture need to be more accu-
rate. This acquisition can be supported by a LiDAR-equipped autonomous terrestrial
robot, which is browsing on the field scanning the as-built reality and providing a 3D
model of the inside environment; Finally, in green is a process aiming at identifying
smaller objects and data which is difficult to capture with the first two acquisition
methods. This acquisition is achieved by using beacon technology. After processing
and data-merging, the collected data allows for the automatic update of a partial 3D
model. At a further stage, all output data (3D models) is merged to create a usable
and reliable 4D as-built model that can be compared with the as-planned BIMmodel.
Following the different methods for object recognition, this comparison highlights
the differences between the two models and provides information for the progress
of the works. The output data of the process can be an updated schedule, an updated
3D model using color-code to visualize progress, or a dashboard providing the key
indicators required by the project manager. This operational framework for auto-
mated progress tracking is conceived as a tool for helping project managers make
good decisions about data acquisition for the purposes of project progress tracking.

4 Development of the Indoor Data Acquisition System

Acase studywas designed to partially implement the above presented framework and
explore with more detail the indoor data acquisition system. This automatic progress
tracking scheme runs through four processes: (1) transmission of the field data by the
autonomous rover equipped with LiDARs, cameras and beacon reader, (2) LiDAR
data acquisition process, (3) Beacons-based data acquisition, and (4) data treatment
process including integration with the BIM.

4.1 Transmission of the Field Data

The data collection of the site resources is supported by an autonomous terrestrial
robot equipped with mobile LiDARs, cameras and a beacon remote reader. With
the Robot Operating System (ROS) it is possible to collect point clouds directly
from the LiDARs and the cameras with a mapping system based on the SLAM
algorithmapproach, also used for the autonomous navigation.When the robot follows
a predefined path, the reader positioned above is continuously sending signals in all
directions. When beacons are at a range <50 m from the robot, they send their ID
(and other) information to the reader as a response to its impulses. The data from
all beacons is momentarily stored in the robot during the acquisition. The robot’s
position during the acquisition is known, so it is possible to calculate the location of
the resources (using an algorithm developed specifically for this purpose). In order to
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reduce the size of the acquired data, we can calibrate the signal retrieval to one scan
every 30 s, for example. Then, when aWifi connexion is available, all the data can be
sent to a database. The data from previous acquisitions is replaced by the new one to
update the database with the new position of the resources. By limiting the manual
data collection, the data acquisition process is believed to become more efficient in
terms of speed, quality (less errors), safety and productivity, while the workers can
be assigned to other value creating activities.

4.2 LiDAR-Based Process

This process consists in retrieving and processing the data captured by the tech-
nologies used for the autonomous navigation of the Rover, namely mobile LiDARs
and moving cameras. Different point clouds are registered on site, one from each
technology. The point clouds from mobile LiDARs contain only geometrical infor-
mation but the ones from cameras also have RGB information. First, the acquired
data sets are pre-processed individually to improve the quality using noise reduc-
tion or applying clusters to remove distant points. Next, the different point clouds
are registered together using algorithms in order to create a unique point cloud of
the as-built with more information. In order to detect elements in the point cloud, a
segmentation is applied with Machine Learning techniques. Some specific datasets
are used to detect indoor elements of the point cloud with their plans, common geom-
etry or RGB information. Next, the elements are labeled and colored by type, and
thus, can be isolated by types of elements in order to be compared with the objects
from the BIM model.

4.3 Beacons-Based Process

This step of the system starts by allocating information to the material resources that
should be monitored, by attaching beacons to the relevant elements with the purpose
of providing a unique identification (ID) for each of them, to link information to
these IDs, and thus, to the resource. A variety of information can also be added—the
name of the product, the manufacturer, the dimensions, installations instruction, the
delivery date, etc. All the functioning of the system is based on the rewritable nature
of the chosen technology. Two technologies could support this kind of use: RFID
technology and BLE Beacons, because both are composed of rewritable tags and
have enough long-range readers to collect remotely and wirelessly the field data.

The “progress status” of the resources is calculated with the information of the
resource location. Indeed, thanks to the BIM model, the expected position of each
resource is known. The beacon reader exports the location information of the beacons
by knowing the position of each scan by the robot. These positions are compared
with the position expected from the BIM in the server database. For instance, when
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Fig. 3 Overview of the developed beacon- and LiDAR-based system for job progress tracking

the resource is detected by the scanner in the storage area, the status is “Stocked”; if
it’s close to the expected installed position, the status is updated into “Misplaced”;
and if it corresponds to the installed position as-per the BIM, the status will be
“Installed”. To allow for updating of the resource’s information, a specific application
is developed and installed on the field mobile devices (e.g. smartphones or tablets).
The interface compares by ID the position scanned with the position expected and
can show the status to the user. It can also provide a progress status of all the elements
by calculating the percentage of installed items (Fig. 3).

4.4 Data Treatment for Automatic Update Related to the BIM

This part presents step-by-step the process of automated progress tracking and
connecting it to the BIM model. To facilitate the process, it is recommended to
scan the construction site floor by floor. First, it is required to prepare a Dated 4D
(D4D) model, which facilitates the interpretation by removing elements that are not
expected to be present at this time of the construction. For instance, it is advised to
export the D4D model of the data acquisition day. Once the D4D model is prepared,
a Dynamo script is developed to extract a certain type of elements on a selected
floor. The position of the elements (x,y,z) and their unique ID are exported into an
Excel or a.csv file which can be imported into the database. Thanks to this script,
we can also configure the beacons with the Revit ID corresponding to the elements
and find their expected position on the server database. Furthermore, that extraction
by type of element allows to create a mesh model with the elements concerned. This
mesh can be registered and compared with the “segmented by elements point cloud”
(Sect. 4.1) with a point-to-point deviation method. Thus, the elements from the point
clouds can be detected as well-positioned or not.
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The beacons’ data (ID, x,y,z position) captured and used for updating the database
(as explained in Sect. 4.2), allows the system to update automatically the 3D model
(in Revit) by comparing to the database. The scanned positions are comparedwith the
expected position from the first script and the progress status is indicated. The unique
Revit ID is attributed to the beacons attached to the correspondingmaterial resources.
This link allows to configure by coding the interaction between the database and
the BIM model. A color-code following the “progress status” from the database is
established to support the visualization of the progress in the model. For instance,
the resources with the “Installed” progress status appear in green in the model, the
“misplaced” in red, and those which are stored or in delivery do not appear yet. With
another script, the color-code can be applied on the D4Dmodel from the information
into the database, and the elements will reflect the status of the elements in it. So,
with each acquisition, the database and the D4D Revit model are updated reflecting
the progress of the installation on site.

5 Case Study

In the case study designed for the partial validation of the proposed framework, the
data acquisition is supported by a Clearpath Jackal rover. The following equipment
has been mounted on it (some of it only for test purposes): two Ouster LiDARs
(one to capture data around the rover, the other—above); a Velodyne LiDAR; and
three Intel RealSense RGB cameras. With this system, different points clouds were
captured on several construction sites: in a hospital, a university and a warehouse.

The acquired point clouds were processed to improve the quality in order to be
segmented by elements. To perform the semantic segmentation, we used Machine
Learning datasets and Computer Vision to recognize the elements. Given the low
density of the point clouds from the mobile LiDARs and the large amount of ‘noise’
from the cameras with RGB information, the data was difficult to exploit. Many
elements could not be recognized by typical semantic segmentation algorithm. To
improve the quality of the mobile LiDARs point cloud, we used the BIM model as
a patch to have an as-built point cloud corresponding to the field with better density
and accuracy. Using the SLAM point clouds, we found that it is possible to detect
structural elements (structural columns, walls, ceilings, floors). The objective for the
next iteration is to apply a filter during the registration process of the RGB-mapped
point cloud and to have a usable and less noisy point cloud, allowing for the detection
of more types of elements.

The beacons-based experimentwas carried out in a university building, usingBLE
Beacons (ConfidexVikingmodel). The beacons remote readerwas anAndroid smart-
phone equippedwith the configuration app for beacons and aBLE scanner app.Using
a Dynamo script, the BLE beacons are configured with the ID of the corresponding
BIM element. For the purposes of this case study, the beacons were manually placed
on different elements inside the building, scans were done from different positions
with the smartphone as a reader and the data wasmanually exported into an Excel file
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to compare with the real data from the BIMmodel. This test was realized to calculate
the accuracy of the beacons to determine if they can be used with relatively small and
closely positioned elements (typically MEP or specialized equipment). The results
from the beacons showed a large percentage of error between the distance estimated
by the reader and the real distance known from the BIM model. The beacons were
well detected and with the correct information from the configuration, but the posi-
tion calculated by the reader was far from the reality. This was due to the presence of
many metal obstacles which interfere with the signals emitted by the BLE beacons.
The option to detect the exact position of the object and to determine if it is well
placed is not applicable with that type of beacons. In the next stage of our research
we will apply that beacon system methods on construction site with a more complex
UWB-beacons based system, (Pozyx) to detect the elements.

With these two types of data—point cloud from a mobile LiDAR and data from
beacons, we creates an as-built model, which was compared to the as-planned D4D
model (in Navisworks or BIM360). We get a colored model with expected and
unexpected elements andwe can export a list of selected elements and their properties
to compare and estimate the progress.

6 Discussion and Future Works

This paper proposes an operational framework of technologies and their associa-
tions for automating construction progress tracking. However, the implementation
and the deployment of the entire framework from the data acquisition to the dashboard
remains theoretical. Some of the methods are well known today, such as autonomous
robot navigation or the comparison of structured point cloud with the BIM model.
However, others are still to be developed, such as the comparison between unstruc-
tured point clouds with the BIM model, the development of a D4D model or a
precise indoor location system. More research is planned to be done concerning the
following steps of the framework: (1) improving the registration of point clouds from
moving cameras—to be able to perform a semantic segmentation method; (2) devel-
opment of a D4D model—to extract information of elements which are required to
be compared; (3) development of an automatic system to compare the segmented
point cloud with that D4D model.

Concerning the beacon-based system, it has been proven that the BLE cannot give
the exact position of an element, so other indoor location system will be explored
such as UWB to detect the precise location. The configuration of the tags remains
semi-manual, while their placement and configuration should be done in the fabri-
cation facilities for optimal efficiency. Moreover, work has to be done to automate
transmission of the data from the beacon reader to the database, making it be possible
to automatically update the status information in the Revit model.

In the current research project, we made a deliberate choice to explore mobile
acquisition systems, rather than the static terrestrial system, already tested on
construction site such as Leica BLK 360, Trimble SX10 and others. This explains
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the difficulties to obtain good quality results with technologies which are not initially
conceived for that use. Future research is planned to explore their potential for the
construction site.

References

1. Adán A, Quintana B, Prieto SA, Bosché F (2018) Scan-to-BIM for ‘secondary’ building
components. Adv Eng Inform 37:119–138

2. Ahmed F, PhillipsM, Phillips S, KimK-Y (2020) Comparative study of seamless asset location
and tracking technologies. In: Procediamanufacturing, 30th international conferenceonflexible
automation and intelligent manufacturing (FAIM2021), vol 51, pp 1138–1145

3. Alarifi A, Al-SalmanA, AlsalehM,AlnafessahA, Al-Hadhrami S, Al-AmmarMA,Al-Khalifa
HS (2016) Ultra wideband indoor positioning technologies: analysis and recent advances.
Sensors 16:707

4. Bassier M, Vergauwen M (2020) Unsupervised reconstruction of Building Information
Modeling wall objects from point cloud data. Autom Constr 120:103338

5. Bisio I, Sciarrone A, Zappatore S (2016) A new asset tracking architecture integrating RFID,
BluetoothLowEnergy tags and ad hoc smartphone applications. PervasiveMobComput 31:79–
93

6. Bosché F, AhmedM, Turkan Y, Haas CT, Haas R (2015) The value of integrating Scan-to-BIM
and Scan-vs-BIM techniques for construction monitoring using laser scanning and BIM: the
case of cylindrical MEP components. Autom Constr, 30th ISARC Special Issue 49:201–213

7. Chen J, ChoY (2018) Point-to-point comparisonmethod for automated scan-vs-BIM deviation
detection

8. Croon G, De Wagter C (2018) Autonomous flight of small drones in indoor environments
9. Czerniawski T, Leite F (2020) Automated digital modeling of existing buildings: a review of

visual object recognition methods. Autom Constr 113:103131
10. Dimitrov A, Golparvar-Fard M (2014) Vision-based material recognition for automated moni-

toring of construction progress and generating building information modeling from unordered
site image collections. Adv Eng Inform 28:37–49

11. El-Omari S, Moselhi O (2009) Data acquisition from construction sites for tracking purposes.
Eng Constr Archit Manag 16:490–503

12. Endo K, Hamamoto R, Tanaka H, Yamashita K, Kagoshima M, Togo H, Mizukoshi K,
Kawaguchi H, Kishino Y (2019) A basic study on communication characteristics by blue-
tooth low energy for i-construction. In: 2019 Seventh international symposium on computing
and networking workshops (CANDARW), pp 47–50

13. Golparvar-Fard M, Peña-Mora F, Arboleda CA, Lee S (2009) Visualization of construction
progress monitoring with 4d simulation model overlaid on time-lapsed photographs. J Comput
Civ Eng 23:391–404

14. Golparvar-Fard M, Peña-Mora F, Savarese S (2015) Automated progress monitoring using
unordered daily construction photographs and IFC-based building information models. J
Comput Civ Eng 29:04014025

15. Guarnieri A, Milan N, Vettore A (2013) Monitoring of complex structure for structural control
using terrestrial laser scanning (TLS) and photogrammetry. Int JArchitecturalHeritage 7:54–67

16. Hubbard B, Wang H, Leasure M, Ropp T, Lofton T, Hubbard S, Lin S (2015) Feasibility study
of UAV use for RFID material tracking on construction sites

17. Irizarry J, Costa DB (2016) Exploratory study of potential applications of unmanned aerial
systems for construction management tasks. J Manag Eng 32:05016001

18. Kim S, Kim S, Lee D-E (2020) 3D point cloud and BIM-based reconstruction for evaluation
of project by as-planned and as-built. Remote Sens 12:1457



540 L. Marcy et al.

19. Lee H-S, Lee K-P, Park M, Baek Y, Lee S (2012) RFID-based real-time locating system for
construction safety management. J Comput Civ Eng 26:366–377

20. Lin JJ, Han KK, Golparvar-Fard M (2015) A framework for model-driven acquisition and
analytics of visual data using UAVs for automated construction progress monitoring, pp 156–
164

21. Liu X, Eybpoosh M, Akinci B (2012) Developing as-built building information model using
construction process history captured by a laser scanner and a camera. In: Construction
Research Congress 2012. Presented at the Construction Research Congress 2012, American
Society of Civil Engineers, West Lafayette, Indiana, United States, pp 1232–1241

22. Matthews J, Love PED, Heinemann S, Chandler R, Rumsey C, Olatunj O (2015) Real time
progress management: re-engineering processes for cloud-based BIM in construction. Autom
Constr 58:38–47

23. Omar T, Nehdi ML (2016) Data acquisition technologies for construction progress tracking.
Autom Constr 70:143–155

24. Park J, Cho YK, Ahn CR (2016) A wireless tracking system integrated with BIM for indoor
construction applications, pp 2660–2668

25. Park J, Kim K, Cho YK (2017) Framework of automated construction-safety monitoring using
cloud-enabled BIM and BLE mobile tracking sensors. J Constr Eng Manag 143:05016019

26. Shahi A, Cardona JM, Haas CT, West JS, Caldwell GL (2012) Activity-based data fusion for
automated progress tracking of construction projects, pp 838–847

27. Teizer J, Wolf M, Golovina O, Perschewski M, Propach M, Neges M, König M (2017) Internet
of Things (IoT) for integrating environmental and localization data in building information
modeling (BIM). In: ISARC. Proceedings of ISARC. IAARC Publications, Waterloo, Canada,
pp 1–7

28. Valero E,AdánA,CerradaC (2015) Evolution of RFID applications in construction: a literature
review. Sensors 15:15988–16008
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Parallelization Strategies
for Hierarchical Density-Based
Clustering Algorithm Using OpenMP
for Scan-To-BIM Applications

J. Ma and F. Leite

1 Introduction

Scan-to-BIM is an active researchfield in the civil engineeringdomain [3, 11, 13]. The
main objective of this topic is to create an as-built 3D model through computerized
processes leveraging 3D imagery either via 2D high-resolution images or 3D point
clouds, which can be leveraged to support developing a digital twin of an existing
infrastructure/facility. Scan-to-BIM consists of three stages: (1) achieving the “as-is”
dataset from a real-world environment using scanning devices, (2) segmenting the
dataset and classifying each segment per object category, and (3) developing digital
“as-is” condition of the scene using 3D modeling software. Prior to the modeling
phase, the achieved 3D dataset, generally 3D point clouds, contains geometrical
information and a set of points can be segmented based on their feature similarities.
For example, the points formed on the same planar region (e.g., wall, floor, and
ceiling) would have similar normal values that are densely located together in a
vector space. The objects with complex geometries (e.g., curvilinear objects) such as
mechanical, electrical, and piping systems are not as easily grouped using only the
geometrical features; however, deploying high-dimensional features including color
and normal vector information could ease the segmentation process.

As an unsupervised learning method, clustering methods can be utilized for
segmentation which provides insights from the dataset through investigating
unknown structures in a dataset without exploiting any ground truth target informa-
tion. Although there are numerous types of clustering algorithms, none of them can
precisely define the notion of a “cluster” [10]. Hence, new algorithms are still being
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developed and compared to find the one with the best fit for to a given dataset. Mean-
while, Density-Based Spatial Clustering of Applications with Noise (DBSCAN) [9]
has been proven to show effective segmentation performance in the context of the 3D
points generated for indoor building environments [1, 7, 8, 19]. However, the perfor-
mance of DBSCAN is highly variational depending on the user-defined parameter
set (i.e., ∈ and min Pts) and manual optimization is necessarily required. Latterly, to
mitigate this problem, DBSCAN developers proposed Hierarchical Density-Based
Spatial Clustering of Applications with Noise (HDBSCAN) [4–6] which automati-
cally produces an optimal solution from all possible DBSCAN solutions in a hier-
archical manner. HDBSCAN possesses distinct advantages over other clustering
algorithms: (1) avoids “flat” (i.e. non-hierarchical) labeling of data objects, (2) auto-
matically simplifies the hierarchy into the most significant clusters, and (3) requires
a single input parameter (i.e. minimum number of points) for density threshold.

However, this algorithm has an overall computation time complexity represented
as a quadratic form (i.e., O

(
dn2

)
) and 3D point clouds generated from the laser

scanner are massive in terms of data size. Moreover, they are generally downsized to
avoid memory exceeding problem [16]. Thus, in order to fully exploit the advantages
of HDBSCAN on large-size point clouds dataset, it is essential to evoke the concept
of parallelism for effectively processing the dataset. In accordance with the needs,
this study aims to parallelize major time-consuming components of HDBSCAN
algorithm using OpenMP programming interface for thread parallelization. Parallel
efficiency wasmeasured by calculating speedup and efficiency from strong and weak
scaling results.

2 HDBSCAN Procedure and Complexity

Prior to giving explanations on the parallelization strategy, here are keywords to be
introduced in advance: (1) Core Distance (dcore

(
x p

)
): the distance from an object

to its m pts-nearest neighbor, (2) Mutual Reachability Distance dmreach(x p, xq) =
max

(
dcore

(
x p

)
, dcore

(
xq

)
, d

(
x p, xq

))
: the maximum distance of two core distances

of x p and xq and the distance between two objects, and (3) Mutual Reachability
Graph (MRG) (Gm pts ): a complete graph in which the objects in the entire dataset are
vertices and the weight of each edge being the mutual reachability distance between
the respective pair of objects [5]. A sequential HDBSCAN algorithm consists of four
main steps as shown in Table 1.

Table 1 HDBSCAN main procedure
Input : Dataset X (row : sample, col : attribute), Parameter 
Output : HDBSCAN hierarchy 

1. Given a dataset X, compute the core distances of all the data objects, and compute MRG, 
2. Compute a MST of the MRG, 
3. Extend the MST to obtain  by adding for each vertex a “self-edge” with the core distance 

of the corresponding object as weight
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The computational complexity of step 1 is O
(
dn2

)
where n is the number of

objects and d is the dimensionality of the data objects. Step 2 requires to construct
a Minimum Spanning Tree (MST) which can be computed in O(E + VlogV) with
Prim’s algorithm [14] using Fibonacci Heaps [17]. If using complete graph, as in
this study, the number of edges is n(n−1)

2 which leads to a O
(
n2

)
complexity. Step

3 requires an addition of n self-edges where the complexity is O(n). Lastly, step 4
can be computed in O(nlogn) which needs sorting of the edges. Thus, the overall
computational time complexity is O

(
dn2

)
. This study focused on parallelizing steps

1 and 2 which are the major time-consuming steps for the HDBSCAN algorithm.

3 Parallelization Strategy

In this study, the input dataset is initialized to have three dimensions with random
values to simulate large size point clouds. For step 1, normalization with finding the
maximum and minimum number and calculating a distance matrix were parallelized
and the merge sort algorithm was parallelized by using the ‘sections’ and ‘task’
constructs. For step 2, customized reduction andCompare and Swap (CAS) strategies
were utilized for parallelizing Prim’s algorithm.

3.1 Step 1 Parallelization

Step 1 of HDBSCAN requires computing MRG from a given dataset. When imple-
menting HDBSCAN in practice, it requires further detailed steps including normal-
ization of the dimensions to have values in common scale into the range 0 ~ 1,
computing distances (e.g., Euclidean distance) for each pair of objects to generate
the core distance matrix, and generating MRG.

Normalization requires the minimum and maximum values of each column. For
parallelizing this procedure, this study adopteddata parallelism throughwork-sharing
construct (i.e., #pragma omp parallel for) where the data is divided into blocks for
the threads that each thread finds the minimum and maximum values of each block.
Reduction clausewas used to summarize the partial results. The pseudocode is shown
in Table 2. This step is perfectly parallelized showing the complexity O(n/p), where
the problem remains same and no communication occurs between the threads. Here,
n and p denote the number of operations and processors, respectively.

Distance matrix can be computed naively by calculating the distances for all pairs
of rows in the dataset, which takes O

(
n2

)
complexity. However, since the distance

matrix is symmetrical, the code was formed to calculate distance only once for each
pair of rows. Using the same logic as the normalization process, it was parallelized
by making each thread to calculate the distances for certain rows which has the
size of the number of total rows divided by the number of threads. In this process,
however, each thread has varying computational works since the number of rows
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Table 2 Normalization pseudocode
Input : Array, column size (col), row size (row) 
Output : Normalized array  

1. Compute minimum and maximum values per column 
Minimum value per column  0, Maximum value per column 
for column c = 1 … col do
     #pragma omp parallel 
          #pragma omp for reduction(Minimum value) reduction(Maximum value) 

for row r = 1 … row do
               // Loop through the rows per thread to find the minimum and maximum values 

end
2. Normalize the array per column 
          #pragma omp for 

for row r = 1 … row do
               // Loop through the rows per thread for normalization 

end
end 

that have to be considered for calculation decreases as increasing the row index. To
handle this irregular computation per iteration, dynamic scheduling was performed
in a ‘first come, first served’ basis. The complexity of this process is O

(
n2/p

)
and

the pseudocode is shown in Table 3.
The next process is to compute the MRG from the core distance matrix. This step

requires sorting distances for each row to find the distance of m pts-nearest point. As
a baseline, the merge sort algorithm using ‘sections’ construct was adopted from the
open source code hosting platform GitHub (https://github.com/avcourt/hybrid-pro
gramming/). A sequential merge sort algorithm is shown in Table 4.

Table 3 Distance matrix computation pseudocode
Input : Array (arr), column size (col), row size (row) 
Output : Distance vector 

#pragma omp parallel for schedule(dynamic) 
for row_1 = 1 … row do 

for row_2 = row_1 … row do
for col = 1 … col do

          // Loop through the columns to compute pair-wise distance 
end

end
end 

Table 4 Sequential merge sort pseudocode
Input : Array (arr), merge limit size (merge_lim) 
Output : Sorted array (arr) 

Seq_mergesort (arr, size, temp) // temporary array to copy the elements 

1. If (size < merge_lim) 
         Insertion sort (arr, size); 
2. Seq_mergesort (arr[0:n/2], n/2, temp) 
3. Seq_mergesort (arr[n/2:], n-n/2, temp) 
4. Merge (arr, size, temp) 

https://github.com/avcourt/hybrid-programming/
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The sequential algorithm consists of recursive functions for divide-and-conquer
andmerge operations. Prior to the release ofOpenMP3.0, the ‘sections’ construct has
been widely adopted for parallelizing recursive algorithms. The ‘sections’ is a work-
sharing construct that contains a set of structured blocks that are to be distributed
among and executed by the threads in a team. This construct is typically utilized
with nested parallelism which enables the creation of a team of multiple threads
inside the recursive loops. However, creating excessive parallel regions causes extra
synchronization due to its implicit barrier at the end of the construct, and thus, nesting
parallel regions is susceptible to oversubscribing the system (i.e., creating too many
threads over the available CPUs) which causes significant performance degradation.
As an alternative to ‘sections’, the ‘task’ construct can be used which was introduced
in OpenMP 3.0 to support solving primarily irregular problems such as while loops
where iteration limits are not known at compiler time (i.e., unbounded loops) and/or
recursive algorithms that solve divide-and-conquer problems. When executing the
‘task’ construct, each encountering thread creates tasks, and a team of threads is
created that each thread is assigned to one of the tasks generated to complete. Major
benefits of using tasks come from the fact that unlike ‘sections’ blocking at the end
of the directive, tasks queue up and execute whenever possible and tasks do not
require the use of nested parallelism which can avoid oversubscription problems. In
this study, experiments were made to compare the performances of ‘sections’ and
‘task’, and the parallelized pseudocodes are shown in Tables 5 and 6. Radenski [15]
has shown the method using ‘sections’ to parallelize recursive functions without
making significant changes to divide-and-conquer methods. In this case, a single
thread is responsible for each parallel section and assigning section for each recursive
function enabled dividing total works by number of available threads by concurrent
executions. Following the same structure, ‘sections’ constructs were replaced with
‘task’ where the ‘taskwait’ clause was included to act as an implied barrier to ensure
synchronization.

The main objective of step 2 of HDBSCAN is to construct MST from MRG.
Historically, there exist three popular MST algorithms: (1) Boruvka [2], (2) Prim
[14], and (3)Kruskal [12]. The basic formof these algorithms shows same complexity

Table 5 Parallel merge sort using ‘sections’
Input : Array (arr) 
Output : Sorted array (arr) 

Par_mergesort (arr, size, temp, threads) // temporary array to copy the elements 

1. If (threads == 1) 
Seq_mergesort (arr, size, temp) 

    else (threads > 1) 
    #pragma omp parallel sections{
         #pragma omp section 
              Par_mergesort (arr, size/2, temp, threads/2) 
         #pragma omp section 
              Par_mergesort (arr + size/2, size – size/2, temp + size/2, threads - threads/2)} 

end 
2. Merge (arr, size, temp) 
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Table 6 Parallel merge sort using ‘task’
Input : Array (arr) 
Output : Sorted array (arr) 

Par_mergesort (arr, size, temp, threads) // temporary array to copy the elements 

1. If (threads == 1) 
Seq_mergesort (arr, size, temp) 

    else (threads > 1) 
    #pragma omp parallel{
    #pragma omp single nowait 
         #pragma omp task 
              Par_mergesort (arr, size/2, temp, threads/2) 

#pragma omp task 
              Par_mergesort (arr + size/2, size - size/2, temp + size/2, threads - threads/2)} 

#pragma omp taskwait 
2. Merge (arr, size, temp) 

Table 7 Pseudocode for the customized reduction function
Input : Key values (key_values), mstSet (mstSet), Number of vertices (V) 
Output : Index of the minimum value (min_index) 

MinKey_reduction (key_values, mstSet, V)  
Declare the reduction clause for the struct containing two variables of minimum value and index 
Initialize struct, local_min, local_min_index 

#pragma omp parallel for reduction (min: struct) 
     for v = 1 … V do

If (v not in mstSet) and (key_values[v] < local_min (per thread)) 
               local_min = key_values[v]  
               local_min_index = v  

of O(ElogV) where E is the number of edges and V is the number of vertices. This
study adopted parallelism for two major parts in Prim’s algorithm. The first part
is to loop over all vertices and find a vertex which has a minimum key value. Two
parallelization strategieswere compared for this step. Firstly, a user-defined reduction
function was constructed for retrieving the index of the minimum key value across
multiple threads (Table 7), and the CAS concept was utilized which avoids multiple
threads from accessing shared memory (e.g., minimum key variable) simultaneously
(i.e., race conditions) through parallel primitive (i.e., priority write) [18, 20] (Table
8). The second part requires updating parent and distance values based on previously
selected vertex.Compared to thefirst part, this procedure does not raise race condition
when looping over all vertices using multiple threads. Thus, ‘parallel for’ function
was utilized as in Step 1. The total work and depth complexity of the parallelized
version are the as same as the sequential onewhile the lower boundof time complexity

is decreased to O
(

E
p logV

)
.
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Table 8 Pseudocode for the CAS
Input : Key values (key_values), mstSet (mstSet), Number of vertices (V) 
Output : Index of the minimum value (min_index) 

MinKey_CAS (key_values, mstSet, V) 
Initialize the atomic variables (global_min and global_min_index) that keep the global minimum value 
(and its index) found across the threads  
Initialize local_min 

#pragma omp parallel for{ 
     for v = 1 … V do

local_min=global_min // Update local_min with global_min 
          while (v not in mstSet) and (key_values[v] < local_min) 

if CAS (global_min, local_min, key_values[v]) == False // If global_min is updated by other  
                                                                                                           threads with lower value at this point 
                    local_min=global_min // Update local_min with global_min 

else // If the global_min is not updated by other threads at this point and has same value with  
                          local_min             

                    global_min = key_values[v], global_min_index = v 
break

4 Experimental Setup

This study utilizesOpenMP for parallelization usingC/C++ codes on the Stampede 2
supercomputer at the TexasAdvanced Computing Center (TACC). AVX-512 instruc-
tions were set for the compiler and Non-Uniform Memory Access (NUMA) policy
was configured to optimize the memory access from the threads. Performances of
four cases were evaluated by implementing strong and weak scaling measurements
by increasing the number of threads from 1 to 48. Speedup and Efficiency were
calculated for representing strong and weak scaling results, respectively. Data size
(i.e., array size) for each experiment is displayed in the figure.

5 Results and Discussions

This project implemented parallelization in a total of four algorithms: (1) Normal-
ization, (2) Calculate distance matrix, (3) Merge sort, and (4) Prim. Strong and weak
scaling performances of each algorithm are visualized in Figs. 1, 2, 3, 4 and 5. Exper-
imental results show that all four parallelizations had a tendency of showing reduced
execution time as increasing the number of threads. However, it was observed that
the amount of increases in speedup and the efficiency decreased as the number of
threads increased. For example, if two threads are used, the time is roughly twice
as fast as using one, but when using 4 or 8 threads, the time does not decrease in
proportion to the number of threads.

In Fig. 1, the speedup is drastically decreased when increasing the threads from
16 to 48. The contributing factor for this result would be that the amount of work
for a single thread to carry out is relatively smaller than the thread start-up overhead.
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Fig. 1 Normalization results

Fig. 2 Distance matrix calculation results

Fig. 3 Parallel merge sort results
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Fig. 4 Revised parallel merge sort results

Fig. 5 Prim results

In other words, executing more than 16 threads for parallelization is more time-
consuming than calculating the minimum and maximum values and replacing the
normalized value for each element. Calculating a distance matrix showed the highest
parallel efficiency among the experiments as can be seen in Fig. 2. Linear increases
were shown for the speedup and the highest speedup of 17.05 was observed when
using 48 threads.

A serial merge sort algorithm was parallelized by using OpenMP ‘sections’ and
‘task’ constructs. Figure 3 depicts the results from executing Table 5. In both cases,
there were decreases in speedup when increasing the number of threads from 16 to
higher number. Through a careful inspection of the codes, three major contributing
factors could be revealed. When using ‘sections’, calling the parallel directive (i.e.,
#pragma omp parallel sections) instructs the computer to spawn a group of threads
and the recursive calls would generate unnecessary threads which yield oversub-
scription. For example, setting 16 threads in the initial phase of the program would
create a team of 16 threads in each recursive call. To mitigate this problem, one
strategy is to set the number of threads equal to 2 (i.e., using num_threads(2)) since
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we have two sections, and track the number of available threads in each level of the
call tree to stop dividing the work. Similarly, having the parallel directive inside the
sort function would create a thread team in each recursive case and significant over-
heads would be generated. Thus, declaring the parallel region outside the initial sort
function call would create threads pool once and it can avoid overheads of creating
threads multiple times. Also, Radenski [15] suggested to use insertion sort in the
case when the number of elements in the array is smaller than the user-defined value
(i.e., initially 32 in this project) since non-recursive methods outperform recursive
merge sort for small arrays.

However, it is important to note that overheads of creating threads would possibly
overwhelm the execution time when very small chunks of work are assigned to the
thread. Thus, the array size for implementing insertion sort should also be considered
as an experimental factor. Table 5 was revised considering these factors and the result
is provided in Fig. 4. Compared to the results in Fig. 3, both cases using ‘sections’
and ‘task’ showed improved performance in strong scaling that the speedup tends to
increase until using 48 threads. Also, setting a larger value (i.e., 320 elements) for
converting to insertion sort showed significant improvement for ‘task’whilemarginal
increase was shown for ‘sections’. Overall, parallelizing merge sort did not show
such significant performance deviation between ‘sections’ and ‘task’. One of the
reasons would be that the merge sort algorithm is itself a well-balanced algorithm
that dynamic nature of tasks could not produce such benefits over the controlled
environment of ‘sections’. At the same time, the overheads of task generation would
be responsible for degrading the performance.

Lastly, in the case of parallelizing Prim’s algorithm, both reduction and CAS
results showed increases in speedup until 16 threads while reduction operation had
slightly higher performance except for the case using 48 threads. One of the reasons
for reduction function showing better results is that leveraging CAS requires higher
frequency of logical operations when synchronizing the atomic values. Also, in
general, the execution time was measured for the entire MST algorithms which
consists of finding minimum value as well as updating the new key values. Thus, the
parallelization was not optimally implemented for the whole parts that opportunities
remain to improve the overall performance.

6 Conclusions

In this study, themain objectivewas to parallelize four sub-steps ofHDBSCANusing
OpenMP. The sub-steps are: (1) normalization, (2) calculating distance matrix, (3)
merge sort, (4) Prim’s algorithm. Parallelism could be observed when increasing the
number of threads for executing each parallelized algorithm. However, the perfor-
mance did not improve proportional to the number of threads and some cases showed
decrease in performance above specific number of threads. There are several reasons
that would explain the results. Firstly, in case of merge sort and Prim’s algorithm,
although some parts are parallelized with the multiple threads, sequential parts are
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still remaining that theoretically there is an upper bound for speedup according to
Amdahl’s law. Another common reason for all cases would be the latency to start
execution of the parallel tasks. Although the work time is parallelized with multiple
threads, the amount of time to initiate the team of threads and launch all the separate
works would become a large portion of the processing time. In addition, there are
bandwidth issues that threads updating different values could frequently hit the same
cache line which would slower the total execution time. In overall, our experiments
have shown how the parallelization strategies could mitigate the data size issue in
our construction domain.
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Comparative Analysis of Energy
Harvesting Methods in Transportation

Mohammed Arrafi, Ibukun Awolusi, Samer Dessouky, and Tulio Sulbaran

1 Introduction

Within the past decade, the world has seen exponential growth in population and
consequentially in energy consumption. Currently, more than 50% of the world’s
population lives in urban cities, and by 2050, global urbanization will continue
leading to even higher populations and energy consumption rates [1]. The current
energy paradigm relies on fossil fuel combustion, which has not only made us
economically dependent on this form of energy but also has caused substantial
environmental damage within the past decades. With the rapid depletion of natural
resources and a looming energy crisis, howwill the forthcoming populations go about
being sustainable while also preserving the environment? Renewable energy is the
answer. There are always the mainstream sustainable energy methods, primarily on
the macro-scale, with technologies implementing wind, solar, thermal, and water-
powered large-scale electric generation plants. However, as of recent, there has been
more interest in energy harvesting on a micro-scale. This includes the use of solar
radiation, thermal gradients, pressure, and vibrations [5]. All aspects which are avail-
able within one the heavily used yet least utilized commodities, paved roads. In the
U.S alone there are approximately 4million miles of roads and this number is contin-
ually growing with rapid urbanization. These roads are subjected to different types of
energy primarily in the form of solar energy, thermal energy, and mechanical energy.
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Unfortunately, most of these energies are wasted due to a lack of efficient energy
harvesting techniques (Duarte and Ferreira, 2016).

The aforementioned introduction poses an inevitable question, why should the
transportation sector consider investing in the construction of more efficient energy
harvesting devices? As we look into the future, the emergence of connected and
autonomous vehicles (CAVs) will change the transportation infrastructure. CAVs
have the potential to alter transportation systems by averting deadly crashes,
increasing road capacity, saving fuel, and lowering emissions.However, the increased
computerization that is to come with CAVs will lead to greater energy demand [3].
These improvements in the transportation sector would usually be paid by taxes
obtained through the gas tax. But as CAVs become more fuel-efficient and with
automakers aiming towards an all-electric near future, the funds obtained from the
gas tax will be in jeopardy. This will in turn endanger the financial sustainability of
the transportation infrastructure. Without financial support, the transportation sector
may not be able to maintain its infrastructure (Terry and Bachman, 2019). If the
transportation sector can harvest energy for itself and make this energy available
to other sectors, it would tremendously help in terms of both financial and energy
sustainability.

The most common energy harvesting methods in the transportation infrastruc-
ture rely upon solar energy, thermal energy, and mechanical energy. Solar energy is
collected by photovoltaic cells which convert solar energy to usable electric energy.
During construction, these cells can be embedded directly into the pavement or
placed alongside roadways. Thermal gradients (the ratio of the temperature differ-
ence between two points and the distance between the two points) within pavements
are used by thermoelectric generators and asphalt solar collectors (ASC). During
roadway construction, both devices are placed directly underneath the pavement to
absorb and convert thermal energy into usable energy. Lastly, mechanical energy is
utilized by piezoelectric materials. These materials are placed directly underneath
the roadway asphalt. Mechanical energy is then transferred from vehicles, through
the asphalt, and to the piezoelectric materials which convert the mechanical energy
into usable energy.

2 Literature Review

The following sections highlight the advantages and disadvantages associated with
each of the three aforementioned energy harvestingmethods in terms of applicability,
energy source, energy production, and primary challenges. These methods are solar
energy harvesting, thermal energy harvesting, and mechanical energy harvesting. An
overall summary of each method will be given through literature review and case
studies relating to the respective harvesting method.
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2.1 Solar Radiation Harvesting in Pavement

Solar radiation harvesting relies on photovoltaic cells which convert light directly
into usable energy. There have been many different methods to utilize photovoltaic
cells for roadways. One method is constructing the roadway with the photovoltaic
cells directly embedded into the pavement. Researchers from the Korea Institute
investigated the viability of this technique and concluded that embedding the solar
cells directly into the pavement was not feasible as the solar cells are unable to handle
the large mechanical loads placed upon by the vehicles [10]. According to the inves-
tigation, the solar cells also experienced premature corrosion due to environmental
conditions. Combined with high installation and maintenance costs, this is not a
feasible solar energy harvestingmethod.A solution to this problem is the construction
of a high-strength transparent layer photovoltaic pavement surface [20]. Underneath
this transparent layer would be high-purity silicon photovoltaic cells. The top layer
would serve to block out the elements while sunlight is able to pass through into the
solar panel layer and convert solar energy into electric energy. The top layer would
not only act as a means of energy harvesting but also act as a roadway. Unfortunately,
the maintenance and construction of such an intricate structure would outweigh the
cost over the benefits. Also, there is an argument that using the transparent top layer
as a pavement would result in a lower grip in vehicle tires [20]. Towards the end of
2020, the city of Peachtree corners in Georgia implemented the first solar road in
the United States using embedded solar planes in the road. The energy generated by
this segment of road in Peachtree Corners will be deployed at electric car charging
stations [21].

Transparent photovoltaics (TPV) is an efficient and practical way of producing
renewable energy [14]. There are approximately nine transparent photovoltaic (TPV)
technologies under development, and studies regarding these technologies aim to
achieve high transparency along with electrical performance that is compatible with
solar panels that are sold in the market [7]. The transparent and semi-transparent
photovoltaic has been used in buildings with its multifunctional roles as electricity
producers, building envelope components, and glazing components [12].

Amore effective benefit–cost ratio method is to use solar panels along the sides of
roadways. These panels would have a dual function as panels for collecting energy
and acting as a noise wall/sound barrier. Sound barriers are typically constructedwith
steel, concrete, or masonry. These structural materials can easily be replaced with
photovoltaic cells for solar energy. Although solar cells themselves are expensive,
the construction, maintenance, and installation of these structures along the sides of
the road are much easier and less expensive in comparison to the direct embedment
of solar cells into roadways. This method of solar energy harvesting in transportation
infrastructure has been utilized in practice to power signals and traffic lights along
roadways (Sharma and Harinarayana 2012). The comparative analysis of the types
of solar energy harvesting methods in roadways is presented in Table 1.
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Table 1 Comparative analysis of types of solar energy harvesting methods in roadways

Embedment of solar
cells into roadways

Transparent and
semi-transparent
photovoltaic roadway

Solar cell panels along
roadways

Roadway Influence • Roadways act to
harvest energy and
serve as a mode of
transportation

• Roadways act to
harvest solar energy
and serve as a mode
of transportation

• Solar panels
alongside roadway
instead of on the
roadway

• Roadways
unchanged

Energy Source • Solar energy • Solar energy • Solar energy

Vehicular Load
Bearing

• Solar cells unable to
handle large
mechanical loads of
vehicles, leading to
damage

• Solar cells are not
affected by
mechanical loads of
vehicles as vehicles
travel on transparent
roadway

• Solar cells not
affected by
mechanical loads of
vehicles as cells are
alongside the
roadway

Exposure to Natural
Elements

• Constant exposure to
natural elements

• Solar cells not
exposed to elements

• Transparent layer
may become dirty
and inhibit solar cell
efficacy

• Constant exposure to
natural elements

Cost • Expensive to install,
maintain, and repairs

• Expensive to install,
maintain, and repairs

• Cheapest to install,
upkeep and repair

Main Challenge • Continual damage
done to solar cells
from large loads and
natural exposure

• Natural exposure to
elements hindering
the amount of light
getting through
transparent layer

• Upkeep and
maintenance of solar
cells

2.2 Thermal Energy Harvesting in Pavement

Roads have a high rate of thermal energy absorption from both solar radiation as
well as friction generated from vehicles. Unfortunately, the thermal energy is wasted
and brings about negative side effects such as pavement rutting and the urban heat
island effect. By harvesting thermal energy, the pavement temperature can be reduced
which can increase the longevity of the pavement [25]. Thermoelectric generators
(TEGs) are one of the technologies used to convert the thermal gradient within pave-
ments, created from thermal energy, into usable energy.During roadwayconstruction,
thermoelectric generators can be housed directly within the pavement. These TGEs
utilize the thermal gradient through the Seebeck effect where a voltage difference
is created by having a temperature difference between the hot and cold sides of the
TGE (Jiang et al. 2019). The hot side of the TGE absorbs the heat of the thermal
gradient while the opposite side is kept cool, usually by water [25]. The temperature
difference between these two sides drives a voltage difference which in turn creates
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usable energy. The temperature gradient is the driving force behind the efficiency
of this method as a higher temperature gradient equates to more generated energy
[2]. The temperature gradient is also one of the main challenges with this method
as many times the heat needed may only be applicable in hot climates. The thermal
gradient must also be maintained to ensure conversion efficiency. Although research
has been limited, thermoelectric energy harvesting looks to be a sustainable method
of energy harvesting as it is not only able to utilize thermal energy but also reduce
rising temperatures within the road prolonging the service life of the road [8].

Another common technique that has been used in collecting the heat from thermal
gradients is through Asphalt Solar Collectors (ASCs). ASCs are constructed by
embedding pipes within the pavement with fluid circulating inside the pipes. The
thermal gradient within the pavement, caused by the solar radiation and friction from
tires, is transferred into the liquid/gas flowing in the tubes [11]. The resulting heated
liquid/gas within the pipes is then used to produce electricity. Just as TEG, ASC
mitigates high pavement temperatures and increases the longevity of the pavement.
ASC needs the road surface to have high heat absorptivity as the efficiency of the
system is dependent upon the thermal gradient created within the pavement. A bigger
thermal gradient results in more energy generated. It has also been recommended
that the pipes be made of conductive metals for best heat transfer and for the liquid
within the pipes to be as turbulent as possible [17]. These methodologies of thermal
energy harvesting also has its drawbacks. Pipes are embedded directly into the top
layer of the pavement and are prone to become damaged from largemechanical loads.
Cracking within the road itself may expose these pipes more to increased loads and
outside elements that may degrade the pipes. The fluid and gas pressure must always
be kept full as even a small leak within the pipe would render inefficiency within
the piping system (Zhao and Sharma, 2018). Table 2 compares the types of thermal
energy harvesting methods.

2.3 Mechanical Energy Harvesting in Pavement

Approximately 20% of the energy released by vehicles is transferred onto the road
in the form of pressure and vibrations. Pressure and vibrations induced on roads can
be harvested with piezoelectric devices which convert the mechanical energy into
electrical energy [6]. The piezoelectric effect refers to a process of using piezoelec-
tric materials to generate electrical energy in response to applied mechanical stress,
which in this case is pressure and vibration fromvehicles [20]. Piezoelectricmaterials
are classified as inorganic, organic, or composite. Inorganic piezoelectric materials
consist of crystalline and ceramics. Piezoelectric ceramicmaterials aremore efficient
at converting energy but are less resistant to vibration at high frequency.While piezo-
electric crystalline structures are physically stronger but less efficient at converting
energy [20]. Organic piezoelectric materials have high elasticity and are capable
of being made in different shapes and sizes. Combining both organic and inorganic
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Table 2 Comparative analysis of types of thermal energy harvesting methods

Thermoelectric method Asphalt solar collectors

Roadway Influence • Reduces pavement heat thus
increasing longevity of
pavement, hinder pavement
rutting and urban heat island
effect

• Reduces pavement heat thus
increasing longevity of
pavement, hinder pavement
rutting and urban heat island
effect

Energy Source • Relies upon temperature
gradient and Seebeck effect
for energy creation

• Relies only upon
temperature gradient

Vehicular Load Bearing • Capable to withstand large
loads granted pavement
structure has not been
compromised

• Capable to withstand large
loads granted pavement
structure has not been
compromised

Exposure to Natural Elements • Only exposed to natural
elements if pavement
structure has been
compromised

• Only exposed to natural
elements if pavement
structure has been
compromised

Cost • More expensive to install
and maintain

• Less expensive to install and
maintain but relatively still
expensive

Main Challenge • Continual maintenance of
thermoelectric materials to
ensure efficient energy
production

• Mainly applicable in hot
climates

• Rupture in pipes may cause
fluid leaks within pavement
reducing pavement structure
integrity

• Mainly applicable in hot
climates

piezoelectric materials result in composite piezoelectric materials. Composite piezo-
electric materials can have high flexibility while also overcoming the limitation of
low energy harvesting and are usually the materials used in most devices (Schoneker,
2008).

Piezoelectric materials are housed in transducers that detect different forms of
mechanical loads according to the vibration of the respective motions. This includes
picking up the pressure a vehicle induceswhen it comes to a complete stop, picking up
the pressure vehicles induced from the frequency of times vehicles pass a certain spot,
or the bending of the pavement due to the vehicle load. Therefore, the placement of
these transducers is critical during roadway construction as the placement determines
the efficiency of what sort of vibration the transducer will react to. There are two
primary forms of transducers, namely, cymbal transducers and cantilever transducers.

Cymbal transducers are constructed with a steel plate on top of a stretched film
consisting of piezoelectric materials [20]. These transducers are ideal in instances
of direct loading such as underneath sidewalks or at stop signs where vehicles come
to a complete stop. Lv et al. (2015) designed a cymbal transducer of different thick-
ness and diameters to collect energy generated on the pavement. During roadway
construction, this model was placed underneath the pavement where vehicles come
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Table 3 Comparative of the different piezoelectric transducers

Cymbal transducers Cantilever transducers

Roadway Influence • No influence on roadway • No influence on roadway

Energy Source • Mechanical energy transferred.
Activated during direct loading
onto piezoelectric materials

• Mechanical energy transferred.
Activated during bending of
piezoelectric film

Load Bearing • Capable of taking large loads.
Dependent upon placement depth
of transducer

• Capable of taking large loads.
Dependent upon placement depth
of transducer

Placement Locations • Located in areas such as
stoplights and stop signs

• Located in areas such as speed
bumps, stop signs and stop lights

Cost • Less costly than cantilever
transducers. Cost depends on type
of piezoelectric materials used

• More costly than cymbal
transducers. Cost depends upon
length of transducer

Main Challenge • Maintenance of transducer due to
depth of transducer placement

• Maintenance of transducer due to
depth of transducer placement

to a complete stop. The deformation of the road caused by the vehicle load size was
proportional to the energy generated (Lv et al. 2015). Cantilever transducers have a
thin piezoelectric film attached at a free end of a cantilever beam. Energy is created
by the increase in deformation of the piezoelectric plate [20]. Chen et al. (year)
presented a cantilever transducer for road speed bumps. As a vehicle began to slow
towards the speed bump the mechanical force at the free end of the cantilever begins
to increase from the vehicle load, which bends the piezoelectric film and generating
electricity. Table 3 summarizes the distinctions between the cymbal and cantilever
transducers.

3 Comparative Analysis of Energy Harvesting Methods

Each method of energy harvesting has its strengths and weaknesses. Some generate
large amounts of power but are susceptible to degradation while others require less
maintenance but generate low amounts of power. The following section will look at
each of the three energy harvesting methods in terms of energy production, draw-
backs, and future technology development. Lastly, the section will close with an
introduction to e-Roads which are energy roads that can consider all three methods
of energy harvesting methods.

Out of the three-energy harvesting methods, solar energy harvesting provides the
greatest power density at approximately 104 (µW/cm3). However, this level of energy
conversion only occurs during bright and sunny days. During cloudy days the power
density of solar energy harvesting is significantly hindered and is almost halved at 102

(µW/cm3) [20]. This is one of the bigger setbacks for solar energy as it is weather-
limited. The potential energy generated is also dependent on the solar irradiance of
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the location which in the United State varies from over 5.75 kW/m2/Day to under
4.00 kWh/m2/Day. Although it can be harvested in more southern and temperate
regions, more northern regions that do not have as much access to the sun will not
be able to efficiently harvest solar energy. Thankfully, solar energy harvesting is one
of the most researched topics. Solar energy is one of the leaders of renewable energy
and has gained continual interest over the past few years. With more advancements
in solar energy harvesting, these methods will become much more efficient in the
future.

Thermal energy harvesting has the lowest energy turnover out of the three energy
harvesting methods. This is predominately due to the requirement for a large temper-
ature gradient in the roadway. Although this may be applicable in large cities located
in temperate climates, this is not an ideal energy harvesting technique inmost regions.
Thermal energy harvesting also requires significant upkeep and the methodologies
used for harvesting are difficult to repair. Both thermoelectric energy harvesting, and
asphalt solar collectors have equipment housed directly underneath the roadway.
Repairing these structures would cause an entire roadway to become closed and
create delays. If this were to occur on a large scale across an entire city this would
cause significant traffic problems.

Mechanical energy harvesting through piezoelectricmaterials provides the second
greatest power density at approximately 102 (µW/cm3) [20]. Although the energy
conversion rate is lower than that of solar energy, mechanical energy harvesting is
not limited to weather. This is because no matter the weather mechanical energy will
always be transferred into the road from vehicles. Mechanical energy harvesting can
also be implemented in many different designs. This phenomenon relies upon piezo-
electric materials. Research within mechanical energy harvesting is ongoing and still
very much in its infancy. However, the potential with mechanical energy harvesting
far outweighs that of solar energy harvesting and thermal energy harvesting. This is
because of the continual mechanical forces that are put upon roads due to vehicles.
Unlike thermal and solar energy harvesting which rely upon weather, mechanical
energy harvesting does not. Table 4 gives an overall outlook on the three different
energy sources in terms of their harvesting methods with 3 representing the highest
rank and 1 the lowest rank.

Current energy harvesting methods only focus on one or two ways to achieve
energy conversion [5]. However, the most sustainable method towards using urban
transportation infrastructure for sustainable energy harvesting is by using a combi-
nation of all methods mentioned and forming energy roads (e-Roads). Establishing
e-Roads would require a holistic approach that considers construction and recon-
struction of roads and look at energy modes available at certain sections of roads to
ensure the e-Roads work together as an efficient system [15].
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Table 4 Overall outlook on
the three different energy
harvesting methods

Criterion Solar energy Mechanical
energy

Thermal
energy

Energy
production

3 2 1

Maintenance 3 2 1

Cost 3 2 1

Longevity 2 3 1

Load bearing 1 3 2

Current
applicability

3 2 1

Future
applicability

2 3 1

Average 2.4 2.4 1.1

4 Conclusion

Harvesting energy through piezoelectric, thermal, and solar energy in our transporta-
tion system can supply additional energy in the future. Urban planners, engineers, and
construction workers must diligently work together to make sure the integration of
these different energy harvesting methods in the transportation infrastructure can be
implemented in a holistic approach. Effectively harvesting the energy from the urban
transportation grid supports not only the needs of the transportation sector but also the
needs of the national grid and acts as a path to our sustainability. Solar radiation can
be harvested through photovoltaic cells in regions where there is sufficient sunlight.
These cells can be embedded directly into the road or can be lined alongside the
roadway. Thermal energy harvesting methods look to take advantage of the thermal
gradients that are created in the pavement. Thermal gradients can be harvested by
using asphalt solar collectors which use pipes filled with fluid underneath the asphalt
to collect the thermal gradient temperature or thermoelectric materials which use
voltage differences from the thermal gradients to create usable energy. Mechanical
energy harvesting takes advantage of the mechanical energy that is transferred from
vehicular loads directly into the pavement. Transducers comprised of piezoelectric
materials are housed within the pavement and cover the mechanical energy into
usable energy. Overall all three of these energy harvesting methods can be used to
generate renewable energy within the transportation sector, but research within solar
energy harvesting and mechanical energy harvesting looks to be the most promising.
Future studies will look to plot more information regarding energy output and a
more thorough look into the costs of making and maintaining the respective energy
harvesting materials.



562 M. Arrafi et al.

References

1. H Buhaug H Urdal 2013 An urbanization bomb? Population growth and social disorder in
cities Glob Environ Chang 23 1 1 10

2. U Datta S Dessouky AT Papagiannakis 2017 Harvesting thermoelectric energy from asphalt
pavements Transp Res Rec 2628 1 12 22

3. DJ Fagnant K Kockelman 2015 Preparing a nation for autonomous vehicles: opportunities,
barriers and policy recommendations Transp Res Part A: Policy Practice 77 167 181 https://
doi.org/10.1016/j.tra.2015.04.003

4. Ferreira A, Duarte F (2015) Energy harvesting on road pavements. In: Third international
conference on advances in civil, structural and environmental engineering-ACSEE 2015.
https://doi.org/10.15224/978-1-63248-065-1-92

5. A Harb 2010 Energy harvesting: state-of-the-art Renew Energy 36 10 2641 2654
6. WHendrowati HL Guntur IN Suntantra 2012 Design, modelling and analysis of implementing

a multilayer piezoelectric vibration energy harvesting mechanism in vehicle suspension
Engineering 4 11 728 738

7. AAF Husain WZW Hasan S Shafie MN Hamidon SS Pandey 2018 A review of transparent
solar photovoltaic technologies Renew Sustain Energy Rev 94 779 791 https://doi.org/10.1016/
j.rser.2018.06.031

8. W Jiang D Yuan S Xu H Hu A Sha 2017 Energy harvesting from asphal pavement using
thermoelectric technology Appl Energy 205 941 950

9. JC Joshi AL Dawar 1982 Pyroelectric materials, their properties and applications Physica
Status Solidi (a) 70 2 353 369 https://doi.org/10.1002/pssa.2210700202

10. Kang-Won W, Correia AJ (2010) A pilot study for investigation of novel methods to harvest
solar energy from asphalt pavements. Korea Institute of Construction Technology (KICT),
Goyang City,South Korea

11. AP Masoumi E Tajalli-Ardekani AA Golneshan 2020 Investigation on performance of an
asphalt solar collector: CFD analysis, experimental validation and neural network modeling
Sol Energy 207 703 719 https://doi.org/10.1016/j.solener.2020.06.045

12. KE Park GHKang HI KimGJ Yu JT Kim 2010 Analysis of thermal and electrical performance
of semi-transparent photovoltaic (PV) module Energy 35 6 2681 2687 https://doi.org/10.1016/
j.energy.2009.07.019

13. Park P (2015) Transportation and energy harvesting. Retrieved 30 Oct 2020, from http://philip
park.weebly.com/transportation-and-energy-harvesting.html

14. M Patel TT Nguyen M Kumar D-K Ban D Won M Zhao J Kim YK Kim H Yang CP Wong
2020 2D layer-embedded transparent photovoltaics Nano Energy 68 104328 https://doi.org/
10.1016/j.nanoen.2019.104328

15. J Pei B Zhou L Lyu 2019 e-Road: the largest energy supply of the future? Appl Energy 241
174 183

16. H Roshani S Dessouky A Montoya AT Papagiannakis 2016 Energy harvesting from asphalt
pavement roadways vehicle-induced stresses: a feasibility study Appl Energy 182 210 218

17. H Saad KKaddah A Sliem ARafat MHewhy 2019 The effect of the environmental parameters
on the performance of asphalt solar collector Ain Shams Eng J 10 4 791 800 https://doi.org/
10.1016/j.asej.2019.04.005

18. SchöneckerA (2008) Piezoelectric fiber composite fabrication. piezoelectric and acousticmate-
rials for transducer applications, pp 261–287.https://doi.org/10.1007/978-0-387-765402_13

19. P Sharma T Harinarayana 2013 Solar energy generation potential along national highways Int
J Energy Environ Eng 4 1 16 https://doi.org/10.1186/2251-6832-4-16

20. Sun W, Lu G, Ye C, Chen S, Hou Y, Wang D, Wang L, Oeser M (2018) The state of the art:
Application of green technology in sustainable pavement. Adv Mater Sci Eng

21. Szymkowski S (2020) First solar road in the US comes online in Georgia. Roadshow. https://
www.cnet.com/roadshow/news/solar-road-us-georgia-electric-car-charging-stations/

https://doi.org/10.1016/j.tra.2015.04.003
https://doi.org/10.15224/978-1-63248-065-1-92
https://doi.org/10.1016/j.rser.2018.06.031
https://doi.org/10.1002/pssa.2210700202
https://doi.org/10.1016/j.solener.2020.06.045
https://doi.org/10.1016/j.energy.2009.07.019
http://philippark.weebly.com/transportation-and-energy-harvesting.html
https://doi.org/10.1016/j.nanoen.2019.104328
https://doi.org/10.1016/j.asej.2019.04.005
https://doi.org/10.1007/978-0-387-765402_13
https://doi.org/10.1186/2251-6832-4-16
https://www.cnet.com/roadshow/news/solar-road-us-georgia-electric-car-charging-stations/


Comparative Analysis of Energy Harvesting Methods … 563

22. J Terry C Bachmann 2019 Quantifying the potential impact of autonomous vehicle adoption
on government finances Transp Res Record: J Transp Res Board 2673 5 72 83 https://doi.org/
10.1177/0361198119837218

23. Todd D (2011) Asphalt pavement solar collectors: the future is now. Retrieved from http://bui
ldipedia.com/aec-pros/engineering-news/asphalt-pavement-solar-collectorsthe-future-is-now

24. ZhaoM,SharmaA (2014) Powering traffic intersectionswithwind and solar energy. In:Climate
change, energy, sustainability and pavements green energy and technology, pp 455-480. https://
doi.org/10.1007/978-3-662-44719-2_17

25. X Zhu Y Yu F Li 2019 A review on thermoelectric energy harvesting from asphalt pavement;
configuration, performance, and futureConstr BuildMater 228 116818 https://doi.org/10.1016/
j.conbuildmat.2019.116818

https://doi.org/10.1177/0361198119837218
http://buildipedia.com/aec-pros/engineering-news/asphalt-pavement-solar-collectorsthe-future-is-now
https://doi.org/10.1007/978-3-662-44719-2_17
https://doi.org/10.1016/j.conbuildmat.2019.116818


Lessons Learned from UNLV’s Solar
Decathlon 2017 Competition
Experience—Design and Construction
of a Modular House

Julian Prestia, Jin Ouk Choi, Seungtaek Lee, and David James

1 Introduction

Since 2002, the United States Department of Energy (DOE) has hosted the Solar
Decathlon competition, in which college and university students are required to
design and build their own fully-functional solar house, competing against other
universities across the globe in ten-events that gauge the home’s performance,
usability, and market potential as a solar house. The Solar Decathlon’s main objec-
tives are to (1) prepare and train students for the clean energy workforce; (2) educate
students on the latest technologies for energy efficiency, clean energy, and green
buildings; and (3) demonstrate the high-performance houses to the public [22].
Experts judge six juried events, and there are four contests where measured data
are obtained and evaluated.

The UNLV team participated in the 2017 Solar Decathlon competition with
a trailer-mounted modular house design. The team designed, fabricated, and
constructed a sustainable modular house built in two sections to be joined at the
competition site. The project teamconsisted ofmultidisciplinary groups that included
students, faculty, and experts from various fields, such as architecture, engineering,
construction management, health sciences, and marketing.

As mentioned above, the UNLV team chose a modular construction method
because it proved to be beneficial for sustainable performance [4, 6, 14–15, 20,
21, 25], as well as to achieve the Solar Decathlon competition’s objective. Modular
construction can reduce construction waste, as well as the amount of used mate-
rial compared to conventional methods [13]. As most modular construction work is
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carried out in a specialized factory, materials are used only as needed. Additionally,
the remaining materials can be stored and reused in the next project.

Modular construction also mitigates construction-related site-disruption, along
with dust and noise creation on site. For instance, construction dust emission can be
reduced by 30% because the factory-made modules are transported and assembled
like building blocks at the construction site [17, 18]. Modular construction almost
eliminates building demolition waste and contamination because the modules can be
dismantled, relocated, and reused.

Modularization also has cost-saving advantages [5, 24]. According to a recent
report, modular projects can reduce costs by up to 20% [2]. Modular construction
can also shorten project schedules [5, 23, 24] as up to 50% of the project duration
can be cut [2] because modular construction increases the overall productivity due
to increased labor productivity, parallel construction, and minimal weather impacts.
Moreover, it shows better performances with respect to labor productivity (McGraw-
[2, 19], quality [2, 5, 24], and safety [5, 7, 24]. Compared to the conventional stick-
built that embeds enormous non-value adding activities (wastes) in their construc-
tion process [3], modular construction can reduce non-value adding activities signifi-
cantly by implementing a lean principle together. Furthermore, modular construction
technique can facilitate the post-disaster reconstruction [10].

Despite these benefits, modular construction has several difficulties and chal-
lenges in practice. The first difficulty is a high initial project cost [11, 16] because
additional project costs exist for planning, design, and procurement [24]. Second,
modularization requires more extensive coordination, as well as earlier and more
frequent communication [9, 11, 12]. Third, the logistics are challenging. Modules
are usually larger and heavier than conventional construction materials and parts, so
heavy and mega-lift cranes are necessary. Sometimes, an extra construction space
is required for the modules’ assembly [1]. The logistical barrier can be even worse
if the site is located in a high-density urban area [5]. Transportation restrictions can
constrain and limit the modules’ size [8]. Several studies have been conducted on
the difficulties and barriers of modularization, but few studies have been conducted
about failures of or lessons learned from modular projects in practice.

This research aims to provide information from theUNLVSolarDecathlon project
experience to help future projects make better decisions in future modular projects.
The objective is to identify the main issues experienced by the 2017 UNLV team
using a qualitative case study and then explore how those problems were either
alleviated or could have been avoided. The final goal of this paper is to provide
a comprehensive summary of the issues faced and overcome by the 2017 UNLV
team. The remainder of this paper is organized as follows. Section 2 introduces the
2017 UNLV Sinatra Living House (note: UNLV obtained permission from the Frank
Sinatra Foundation to use “Sinatra Living” for the non-commercial purposes of the
competition). Section 3 explains research and data collection methods. Section 4
provides the interview results and the discussions based on the interview.
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2 2017 UNLV Sinatra Living House

For the 2017 competition, the UNLV team proposed a housing prototype that met
rising regional and national demands for sustainable homes that offer safety, inde-
pendence, diagnostic capability, and comfort to elderly and disabled populations.
The primary goals of this project were to meet the physical and psychological needs
of an “aging in place” market while simultaneously creating a sustainable design for
living in theMojave Desert and its harsh climate. It should be stated that the provided
solution does not currently exist at the community level in Las Vegas. Statistics drove
Team Vegas’ design strategies. Life expectancy is steadily rising due to health-care
and technological improvements in theUnited States, and the 50 and older population
will increase approximately 20% by 2030. Also, more than 20% of the population
will be older than 65 by 2050. Though older adults live longer and stay healthier,
many eventually face the practical challenges of aging and disability. This project
was expected to contribute to improving older individual’s environmental quality of
living.

Figure 1 shows the exterior of the house. The solar home built by TeamVegas had
a total floor area of 970 square feet and was assembled on two chassis modules (in
essence, a double-wide trailer home). Figure 2 shows the house chassis system. The
approximate combined weight of the modules for the project was 29 metric tons.
The larger one weighed 14.4 metric tons. The larger module is approximately 16
ft (4.9 m) tall (with a sloping roof at a six-degree angle), 40 ft (12.2 m) long, and
13 ft (4.0 m) wide. The modules were transported and installed at the Denver, CO,

Fig. 1 2017 UNLV Sinatra Living House

Fig. 2 House chassis system; a painted chassis with bottom boards; b insulated; c subfloor installed
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USA, 2017 Solar Decathlon competition site with student laborers and professional
assistance.

Some of the project’s interior highlights are:

• The adaptability of the house allows for customizable spaces or additions to the
structure. As the residents’ housing requirements change with age, additional
modules could be added to accommodate them.

• Optimum orientation is an east-west direction for best solar energy collection
and a single rectangular loop floor plan to maximize the interior living space and
permit room for persons with walkers and wheelchairs to circulate through the
house.

The energywasgenerated using a6kWsolar photovoltaic array and a solar thermal
system for hot water and floor heating, as shown in Fig. 3. The photovoltaic array
was supplemented with a Tesla storage battery and inverter that could be used when
the area lacks sunlight. A mechanical pod on the south deck housed the home’s solar
thermal collector, controls and two-loop storage tank, and A/C condensers connected
to the home’s three mini-split air conditioner/heat pumps. All HVAC, energy, water,
and lighting systems were integrated into the home’s automation system for control
and monitoring. All systems were tied through the Amazon Echo device and could
be controlled or adjusted by giving voice commands to Alexa.

The home utilized a radiant floor heating system as the primary source of heating.
Figure 4 shows the radiant floor heating system. The home used another isolated loop
located at the top of the storage tank to heat water returning from the floor system to
90° by using a mixing valve for circulation through the home.

For ventilation and air conditioning, the house used mini-split heat pumps for
cooling, and redundant heating and, to maintain indoor air quality included an air
exchange system that utilized phase-change materials for temperature adjustment.
The home could also remove humidity using a dehumidification mode on the heat
pumps.

Fig. 3 Solar thermal units; Tesla storage battery; mechanical pod interior with storage tank and
controls
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Fig. 4 Radiant flooring
system (PEX Tubing)

Fig. 5 Gravity-fed grey
water planter

For water conservation, the house was equipped with water-efficient fixtures and
appliances. The home automation system monitored and recorded the home’s water
usage to allow occupants to see changes. This system would enable the homeowner
to resolve leakage issues promptly. Black and grey water were separated in the waste
vent plumbing; the greywater could be reused for irrigation, as shown in Fig. 5.

During the 2017 competition’s ten contests, the UNLV entry won first place for
innovation, tied for second place for architecture and engineering, and placed eighth
overall out of eleven entrants.

3 Research Methodology

3.1 Data Collection

This research adopted a qualitative-based case study to obtain information about
the Solar Decathlon 2017 competition team’s design and construction experience.
The student project manager, student project engineer, and student construction
manager were all contacted to provide information, solutions, and personal experi-
ences from the event. The project manager and construction manager responded with
their personal opinions based on their experiences during the 2017 competition and
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the previous 2013 competition. Survey data were collected through questionnaires
comprised of specific questions regarding best practices and the lessons learned
during the design, construction, and competition phases from the project manager
and construction manager. The information provided illustrates a comprehensive
understanding of what problems were experienced during the design, construction,
and competition phases and how they were overcome.

3.2 Interview Questionnaire

The questionnaire was comprised of five specific questions (and a section for addi-
tional information) regarding matters related to the best practices and lessons learned
from any issues experienced during the construction and competition phases of the
2017 competition. All the five questions can be found in Appendix. Their responses,
as well as personal experiences are used to determine the best practices and lessons
learned. In this way, future teams conducting modular projects can learn from this
experience and make improvements.

4 Results and Discussions

4.1 Interview Results

In-depth interviews were conducted with the project manager and construction
manager. They participated in the project from beginning to end, so they understood
the tasks and circumstances well. Table 1 summarizes the interview results.

The first questionwas about the significant problems experienced during construc-
tion. Both respondents indicated the same problem: the incomplete chassis design.
The student project manager mentioned that the student structural design team oper-
ated separately from the rest of the design teams, with few interactions or updates
throughout the design process. Eventually, the design teamgraduated, and the respon-
sibility passed to a professional firm that was unclear about the full scope of work.
Due to the lack of communication between the student team and the structural firm,
chassis fabrication was postponed for approximately five months, which crunched
the construction window by a significant margin.

The student construction manager also criticized the incomplete chassis design
as the main issue. Due to the design problems, the project lost time for testing and
adjustments. The student project manager also indicated that there was not enough
time to reconstruct the modular house at the competition site because of delays. The
constructionmanager alsomentioned that therewas an insufficient studentworkforce
at the site, and there was too much work to be done by the student workforce.
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Table 1 Interview summary

Student project manager Student construction manager

Major problems • Incomplete chassis design
• Not enough time to reconstruct
the modular house at the
competition site

• Incomplete chassis design
• Lack of workforce

Problem solutions • Permanently welding the hitch to
the chassis

• Constant communication
• Increase the number of paid
positions and support expenses

Suggestions for future • Find a structural engineer with
experience in modular
transportation

• Hire a general contractor

• Acquire multiple estimates
before choosing a firm

• Increase labor incentives to
increase involvement

• Have a dedicated student budget
analyst

• Increase communication and
efficiency

To address the incomplete chassis design problem, the student project manager
found a vendor to weld hitch reinforcements onto the chassis. The student construc-
tionmanager constantly communicated through calls, emails, and structural engineer
visits. Moreover, a good fabrication company was chosen to complete the chassis
package within a month. Also, to increase the workforce, the construction manager
increased the paid student positions, as well as support expenses for lunch, drinks,
and snacks in order to form a sense of companionship.

The questionnaire also requested information about how to avoid these problems
in the future. The student project manager suggested that the best route with the
structural issue would be to find a structural engineer comfortable with the team
and the scope of work required for modular transportation, and also indicated early
meetings and defined work would be helpful. Moreover, hiring a general contractor
to organize the construction effort would be beneficial because the team was already
stretched thin between the project, school, and other jobs. A general contractor would
be able to handle schedules, order materials, and keep the team on task to meet
deadlines.

With respect to organizing thework, the general contractor could have the students
do most of the work or hire competent subcontractors for specialized work (both
options are allowed for the competition). The student construction manager made
four recommendations for future student projects.

(1) Acquire multiple estimates before choosing firms and generate a contract with
that firm as quickly as possible.

(2) Provide incentives, such as paid hours or additional credit hours to boost student
involvement, and reduce material costs to increase the available labor budget,
which would provide an opportunity to create more student involvement.

(3) Designate a dedicated student budget analyst to track purchases and oversee
the construction budget.
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(4) Increase communication and efficiency while freeing up the primary advisor
for more demanding concerns, such as permits, contracts, construction, and
travel schedules.

4.2 Best Practices and Lessons Learned

Based on insights from key student personnel, the main problems faced during the
construction phase were mechanical issues about the chassis hitch, structure, and
engagement with the structural engineer, as well as the lack of communication
and organization throughout the project that created additional unnecessary stress
between team members and key personnel.

Problems faced during the competition phase were primarily the time crunch
due to late arrival associated with completing the modules before transportation.
Arriving at the competition five days late hindered the team’s ability to present the
best house they could build. Although the housewas completed to a level that allowed
competition participation, a few components, such as powered deck and window
shades,were not installed due to lack of time.Havingmore time to complete the house
in Las Vegas would have alleviated some of the stress experienced by the engineering
students who had to run all the system tests in Denver rather than in Las Vegas.
The chassis fabrication delay reduced the time window available for assembling the
modules at the competition site in Denver. Had the design been finalized earlier, the
house could have probably been thoroughly tested prior to leaving for Denver.

The solution for the chassis hitch issue was to weld reinforcements at the point of
the bolted chassis attachments to provide additional structural support. An improved
approach in the future would be to engage the structural engineering team earlier and
interact with them more often during the project.

A dedicated larger enclosedwork area, near the project site inwhich all disciplines
and team members could work together and exchange information freely, would
provide quicker and additional communication, along with a better understanding of
the project from all team members, as they would be exposed to all aspects of the
project and not just the specific portions they are helping to design.

For the lack of organization, a professional general contractor’s introduction to
organizing the students’ efforts would be the best solution. A professional would
help determine real-world solutions to potential problems, and they would be much
better equipped to handle the stresses of running a project. Some key personnel did
an excellent job at their roles; however, some students lacked the ability to take on the
amount of responsibility they had signed up for on top of their coursework. A skilled
general contractor would help organize all aspects of the project and create a much
more comprehensive and legitimate schedule for all students and subcontractors to
work more efficiently and effectively while on site. Additionally, the schedule and
all information related to the project should be provided and readily available for all
team members to view, so they could better understand the process.
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There was some information about the previous UNLV team’s experiences in
2013, but there was no comprehensive guide or booklet about how the previous team
was able to accomplish what they did. To preserve and transmit lessons learned from
the 2017 competition, it is recommended that the university communicates with each
student, faculty member, and professional involved in the project to create a much
more complete version of a ‘lessons learned’ document. Collecting and organizing
information about all of the issues, big and small, experienced throughout the 2017
competition would provide insights into addressing issues associated with design,
construction, and competition. Furthermore, additional communication between
teams and skilled trades helps all participants understand what the team is trying
to accomplish for each part of the house.

The suggested best practices for future UNLV Solar Decathlon would include.

• Hire a general contractor for project organization and managing major project
phases, to keep everything running smoothly.

• Maintain consistent and frequent communication throughout the design phase
among all design teams to keep everyone informed about all aspects of the house
and create a stronger bond among team members, leading to quicker solutions.

• Catalog events as they are experienced and assemble into an accessible document
at the end of the that would be useful for subsequent teams competing in future
projects. This would provide a comprehensive and detailed experience to help
future teams avoid the same mistakes and build on the discovered solutions.

5 Conclusions

This paper describes the UNLV Solar Decathlon team’s experiences in preparing an
entry for the 2017 competition. The main issues and solutions to those issues were
discussed using in-depth interviews completed by key student project personnel.
The survey responses provided by the student project manager and student construc-
tion manager offered insights into the technical and construction issues encountered
during the project and describes how one major technical problem was addressed.
Also, best practices for future modular house construction were suggested.

6 Recommendations

With regard to follow-up steps, additional research and data compilation regarding
the 2017 house’s strength would help improve future modular construction projects.
Improved curricular integration by the university could help students prepare for the
Solar Decathlon and expand their understanding of how they can use what they are
learning in school to solve real-world problems.
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Appendix

Solar Decathlon Survey
Please answer the following questions to the best of your ability, the information

provided from these surveys will be compiled for a paper regarding best practices
and lessons learned from the 2017 Solar Decathlon competition.

Name:
Project Role:
1. What were some of the major problems experienced during the construction

phase through the competition phase? Please explain in some detail.
2. What solutions were used for the problems mentioned above? Please explain

in some detail.
3. In hindsight, could any of the solutions be improved for the future, if so, how?

Also, on that note, which problems could have been avoided and how? Please explain
in some detail.

4. With the knowledge and experience you have now, would you be willing to
participate in the next Solar Decathlon or comparable international events? Why or
why not? Please explain in some detail.

5. Should UNLV compete, what advice would you give to the students partici-
pating in the 2020 Solar Decathlon competition?
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Investigating the Impact of Trombe Wall
on Building Energy Saving and Thermal
Comfort—A Case Study

M. Jalalpour and C. Nnaji

1 Introduction

According to the world energy outlook, buildings and building construction sectors
account for 36% of world final energy consumption and approximately 39% of total
CO2 emissions [2]. This high amount of energy consumption and greenhouse gas
(GHG) emissions are fundamental reasons to encourage and implement solutions that
decrease energy usage in the built environment and negative environmental impact.
In Iran, the building sector is responsible for about 36% of the total energy usage
[13]. Previous studies represent that Iran is among the top ten countries in emitting
GHG emissions [9, 23]. Therefore, this research tries to find techniques and designs
to decrease natural gas and electricity consumption, which are two of the main types
of energy usage in buildings in Iran [26].

There are various passive and active techniques and strategies that promise to
resolve those issues mentioned above in building design [33]. Trombe wall (TW)
system is a passive system that is posited to hold great promise in improving energy
efficiency while also being less expensive and easy to construct [33]. TW is a passive
systemwhich was named after a French scholar, Professor Felix Trombe, who devel-
oped this system in 1966 [4]. There are different types of TW, and they are usually
constructed with brick, concrete, and adobe [22]. In this system, a massive dark
painted wall is added inside the south-facing glazing. The solar radiation will be
trapped because of the greenhouse effect. The surface of this wall, which faces the
sun, is painted with a dark color, and during the daytime, the temperature of this
surface rises, which helps the heat flows into the wall. The Thickness of TW can be
varied, but it is usually about 30 cm, and this thick wall causes a long time lag. As a
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result, heat reaches the interior surface with a long delay in the evening, and enough
mass in a TW turns it into a radiant heater during night-time [20].

Multiple studies on TW performance show that TW could reduce annual heating
load [7, 8, 15, 18, 30]. According to experimental and numerical studies, improving
indoor thermal comfort is another positive impact of TW [1, 8, 15, 17, 18, 21, 30].
To design an energy-efficient TW, there are various variables and parameters, which
are mainly effective. Type of glazing, shading, as well as wall configuration, and
properties are the parameters that were worked on and discussed by researchers
[8, 15, 30].

Scholars concluded that integrating TW into a building reduces annual energy
consumptions and increases thermal efficiency [10, 18, 27]. However, various design
configurations of TW show different results in different climates and locations [14,
28]. The basic design of TW is the classical design, and researchers are working
on some design parameters on developing additional design parameters to increases
the utility and effectiveness of this system in different climates [6]. For instance,
Bevilacqua et al. [6] investigate the effects of adding TW in warm and cold climates,
and they found a considerable energy saving in both cases. Their case study, which
was in a cold climate, shows that heating and cooling loads decreased by 18.2%
and 42%, respectively. In a hot climate, energy saving for the heating season was
approximately 71.7%, while saving in the cooling season was about 36.1%.

Wall thickness is another parameter that directly impacts TW design. Thick walls
can store solar heat in the massive wall and transfer the heat later; this method can
increase thermal comfort for occupants [20]. Agrawal and Tiwari [3] worked on
optimizing wall thickness, and they found the thickness between 30 and 40 cm was
effective in concrete TW. In a research study by Sharma and Gupta [29], the wall
thickness of 25–30 cmwas proposed as an ideal width, then the massive wall absorbs
extra heat during warm months and provides a stable indoor temperature.

Installing shading on the glazing of the TW could be another effective solution
with the potential to increase thermal comfort and decrease the cooling energy load
in summer [11, 15, 27]. Overhang shading is one of the shading types which is
recommended in several studies [18, 20, 30]. Another shading solution for decreasing
the cooling energy load in summer is curtain shading. Ji et al. (2007) added curtain
shading in TW design for summer, and they found that indoor temperature decreased
by 2 °C.

Researchers have stated the need for additional studies focused on understanding
the effects of the different configurations and design on building performance in
summer [5, 18, 20]. Therefore, the goal of the present study is to provide additional
insight supporting the use of techniques and methods in modifications of TW that
could lead to a decrease in building energy consumption. In this research, the case
studies are single rooms located in Shiraz, Iran, and this city has a cold semi-arid
climate [19]. This research aims to estimate both the heating and cooling loads of
the rooms and calculate the indoor thermal comfort in the five cases.
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2 Case Studies and Climate Conditions

The case studies in this research are located in Shiraz, Iran. Shiraz is one of the most
populous cities in Iran, with a population of 1.57 million people, at the latest census
in 2016 [32]. The climate of this city is classified as cold semi-arid [19] according
to Köppen-Geiger’s climate classification, with cool winters and hot summers.

This research aims to investigate the thermal performance of a typical residential
room in Shiraz, Iran, by integrating classic Trombe wall CTW into their design.
Since integrating TW had positive results in various studies [1, 7, 8, 15, 17, 18, 30],
this research aims to study whether TW as a passive system is a possible solution to
decrease the energy demands and improve the occupants’ thermal comfort in Shiraz
region. According to the literature review, TW designs perform well in cold seasons
and different climatic conditions [1]. However, the performance of TW for summer
overheating issues is still highly debatable [12], and it needs further investigations.
Hence, in this research, both cooling andheating seasonswill be studied to understand
the yearly thermal behaviour of the case studies.

In the present study, annual energy consumption and thermal comfort of five cases
located in Shiraz are evaluated to assess the impact of changes to the CTW design.
The first case is a simple cubicle with dimensions of 10 m × 10 m × 3 m. The
walls are made of brickwork and lightweight plaster. The glazing type is single clear
glazing, and 30% of the facade is glazed. In the second scenario, a CTW is integrated
into the first case. Here, the southern layer is covered by single clear glazing with
a wooden window frame. Lechner [20] discussed the thermal mass sizing related to
the TW design. In line with the information provided in Table 1, the main partition
is made with black cast concrete with a thickness of 30 cm. Six rectangular vents
with dimensions of 1.6 m × 0.26 m are added to the design-three at the bottom
and three at the top of the design wall. This scenario is depicted in Fig. 1. In line
with the suggestions made by [20] and Torcellini and Pless [31], a simple overhang
shading was added to the southern glazing in the third case. This shading could be
a solution to decrease the cooling load in warmer months [31]. The fixed overhang
shading is made by asphalt, and this shading can decrease the direct sun energy level,
which is received in the summer daytime. Regarding case 4, a shading roll, in the
cooling season, covered the outside of the south glazing of the CTW of case 2. Case
5 is a CTW with both overhang shading and shading roll. A summary of the TW
configuration for each configuration is provided in Table 2.

As mentioned earlier, the CTW design of our case has six vents on the main
partition. In order to receive solar heat in winter and prevent overheating issues in
summer, some adjustable schedules are considered. In the cooling season, vents are

Table 1 Thermal mass sizing
[20]

Thermal mass Thickness (cm) Surface area to glazing
(area ratio)

Adobe (dry earth) 15–25 1

Concrete or brick 25–40 1
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Fig. 1 Wall section and front view of the TW

Table 2 Summary of the configurations of the case studies

Test room name Design

Case 1 Single cubicle

Case 2 Single cubicle with CTW with six rectangular vents

Case 3 Single cubicle with CTW with six rectangular vents with a simple overhang
shading

Case 4 Single cubicle with CTW with six rectangular vents with a shading roll, in the
cooling season

Case 5 Single cubicle with CTW with six rectangular vents with a shading roll in the
cooling season and a simple overhang shading

opened between 9 AM and 6 PM. In the heating season, the vents are closed between
5 AM and 8 PM. By so doing, in the cooling season, direct solar heat has less effect
on indoor air temperature, and it can reduce building thermal mass at night.

3 Simulation

In this step, building thermal energy and thermal comfort calculation is conducted for
an entire year for the five cases that were discussed above. The dynamic energy simu-
lation in this research is performed using DesignBuilder 4.5, which provides results
based on the EnergyPlus engine version 8.1. DesignBuilder can calculate a variety
of building energy and comfort simulations. As a result, detailed thermal energy
and comfort simulations for these test rooms can be conducted. In the present study,
the researchers utilized the weather database of the DesignBuilder for conducting
the simulation and ASHRAE climate design condition 2017 [16]. To estimate the
cases’ annual energy demands, for each case, heating load and cooling load are calcu-
lated. By calculating both heating and cooling loads, detailed information regarding
building energy behaviour can be recognized.
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The evaluation of thermal comfort in the present study is based on the ASHRAE
Standard 55-2004 [24]. The goal here is to assess the changes in comfort hours made
in each case. By conducting thermal comfort simulations, the design with a higher
comfort level can be identified. In this paper, discomfort hours are calculated for
each case to evaluate the impact of integrating the different CTW changes. Thermal
discomfort includes various factors, such as when occupants cannot feel the normally
expected comfort level [25]. The present study utilizes data provided by ASHRAE
Standard 55-2004 [24], which determines whether the operating temperature and
humidity ratio are in the standard range or not. In this standard, 0.5 and 1 are specific
Clo levels used for summer and winter analysis.

4 Materials Description

This section discusses the materials and their properties used in these cases. As
mentioned earlier, the external walls are made of a concrete block and brickwork.
The thermal transmittance (U value) of the external wall is 1.949 W/m2 k, and the
U value of the ground floor is 0.778 W/m2 k. The TW materials and external walls’
thermal properties are reported in Tables 3 and 4, respectively.

Table 3 Thermal properties of the external walls

Material Thickness (m) Density (kg/m3) Conductivity
(w/m k)

Specific heat
(J/kg k)

Brickwork 0.105 1700 0.84 800

XPS extruded
polystyrene

0.117 35 0.034 1400

Concrete block 0.10 1400 0.51 1000

Gypsum
plastering

0.013 1000 0.4 1000

Table 4 Thermal properties of the TW materials

Material Thickness (m) Density (kg/m3) Conductivity (w/m k) Specific heat (J/kg k)

Concrete 0.2 2100 1.4 840
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5 Results and Discussions

5.1 Building Heating and Cooling Loads

In this section, the results of the test Cases’ annual heating and cooling energy needs
are presented and discussed. Various design parameters and modifications in the
models give us more detail about the thermal performance of each case.

At first, building energy simulations showed that in Cases 2, 3, 4, and 5, the
annual heating loads saved by 99.94%, 85.56%, 99.94%, and 85.56%, respectively.
The results clearly demonstrate the effect of TW in decreasing the heating load of
buildings. Also, when comparing Case 3 to Case 2, the heating load increased by
25.6%. This indicates that by installing a fixed overhang shading, which is a solution
for overheating issues [20], the shading can block part of solar arrays in heating
seasons. There was no observable difference between Case 4 and Case 2, in heating
load demands, due to the shading roll in the cooling season. In Case 5, the added
overhang and the shading roll perform similar to case 3 in heating demands. Figure 2
presents the results of the annual heating consumption of the cases.

Next, the cooling demands of the cases are calculated. As discussed earlier, CTW
could have a negative effect on building cooling energy demands. The changes which
were made in the design in these cases are relevant to the negative effect on building
cooling energy demands. The outputs of the thermal simulation indicate that cooling
loads in Cases 2, 3, 4, and 5 changed by +50.92%, +20.26%, +14.94%, −3.85%,
respectively. When comparing Cases 3 and 4 to Case 2 (basic CTW), the cooling
demands decreased by 20.31% and 23.83%, respectively. Therefore, we posit that the
shading roll is more efficient in decreasing the cooling load, based on the examples
presented in the study. Finally, the effect of combining both overhang shading and
shading roll is evaluated by comparing Case 5 to Case 2, and the results present a
36.29% reduction in cooling energy consumption. The results of the annual heating
consumption of the cases are presented in Fig. 3.

Fig. 2 Annual heating loads
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Fig. 3 Annual cooling loads

5.2 Thermal Comfort Results

The thermal comfort of the cases in this research was studied based on the ASHRAE
standard 55-2004. Insights from calculating the discomfort hours of each case indi-
cate that discomfort hours decreased by about 0.02% when comparing Case 1 and
Case 2. This reduction is due to integrating CTW into Case 1. This implies that
there is a slight improvement in comfort level when a CTW is added to the design.
Cases 3, 4, and 5 also witnessed a reduction when compared to the base case (Case
1). This reduction values are approximately 0.15%, 0.25%, and 0.32%, respectively.
Assessing the values of Cases 3 and 4 suggests that shading roll provides more
comfort hours for occupants. In case 5, as is expected, it shows a higher comfort
level compared to other cases. Hence, the results convey that all the modifications
of CTW cases in this research provide a higher thermal comfort level than the base
case (Case 1), which is a simple room with medium insulation. A summary of the
thermal comfort results is provided in Table 5.

As described above, the heating and cooling loads, as well as the thermal comfort,
could be improved using the combination of overhang shading and shading roll,
which is installed in the cooling season. These results proved additional evidence
of the potential utility of CTW in environments with climates similar to Shiraz,
Iran. Therefore, this configuration could help resolve the overheating issue in the
summertime besides operating properly in the wintertime.

Table 5 Summary of the
thermal comfort results

Test room name Percentage of discomfort hours (compared to
Case 1) (%)

Case 2 0.02

Case 3 0.15

Case 4 0.25

Case 5 0.32
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6 Conclusion

This research investigates the effectiveness of the CTW in Shiraz, Iran, by using
DesignBuilder software to simulate building thermal performance. The simulations
are conducted to understand the changes in building energy demands and thermal
comfort of five proposed designs. Five cases are studied in this paper: (1) a simple
cubicle, (2) a cubicle with a CTW, (3) a cubicle with an overhang shading installed
on the CTW, (4) a cubicle with a shading roll that covers the CTW in summer, (5)
a cubicle that both overhang shading and shading roll (in the cooling season) are
integrated into CTW design.

The results show that, in this study, CTW has a profound impact on the heating
season, given that it decreases building heating load significantly. For instance, it
decreased the building heating loads of cases 2 through 5 by 99.94%, 85.56%,
99.94%, 85.56%, respectively. Also, the changes in the cooling season for Cases
2 to 5 are +50.92%, +20.26%, +14.94%, −3.85%. These results can highlight the
negative influence of CTW in increasing building cooling load, and even with inte-
grating TW and shading, the cooling loads increased in three cases. However, this
load decreased in later design (Case 5). Another highlight from the present study
is that the shading roll shows higher performance than the overhang design. The
final consideration regarding heating and cooling loads is the issue related to the
fixed overhang shading. This issue can be solved by installing a removable overhang
shading. Therefore, the removable overhang shading cannot negatively change the
building heating load in winter.

The simulations related to the building’s thermal comfort show that CTW can
provide higher comfort hours. In the Cases assessed in this study, discomfort hours
decreased 0.02%, 0.15%, 0.25%, 0.32%when comparing Cases 2–5 to Case 1. Also,
the study concludes that by modifying CTW design and focusing on the climate of
building sites, discomfort hours can be decreased considerably.

Future studies should consider performing additional simulations using a
complete residential or commercial building. Also, the combinations described in
this study could be assessed in other climatic conditions.
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Using Wearables to Monitor
and Mitigate Workers’ Fatigue

Zinab Abuwarda, Tarek Hegazy, Arlene Oetomo, and Plinio P. Morita

1 Introduction

Construction is a labor-intensive industry, thus, improving labor time utilization and
making informed planning and scheduling decisions were recognized as effective
approaches to enhance construction labor productivity [41]. Moreover, construc-
tion is the highest industry in terms of fatalities, occupational injuries, and illnesses
that cost the industry $billions every year. According to the International Labour
Organization, at least 60,000 fatalities occur each year on construction sites around
the world. Construction workers often perform tasks that involve awkward postures
in restricted spaces, high muscular loads, repetitive movements, and working with
elevated arms. The resulting overexertion can lead to musculoskeletal pain in the low
back, shoulder, and neck [43]. It was reported that as many as 30% of construction
workers suffer from back pain and/or other musculoskeletal disorders [37]. Their
work, as a result, is physically very demanding, which may not only lead to physical
fatigue but also to other problems such as the loss of productivity, poor quality work,
and reduced motivation and increased rework. Possible preventive measures such as
proper organization of work can be used to avoid physical fatigue of workers.

In the literature, laboratory models were performed to predict workers fatigue
and suggest early safety interventions, particularly in the manufacturing industry
[8]. Such models, however, are demonstrating that they do not completely repre-
sent field conditions, thus indicating the importance of real-time field measurements
[34]. Recently, therefore, increased research efforts have focused on non-invasive
monitoring of human health as well as activity tracking using wearable devices.
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Smart watches have recently been implemented in sports, healthcare, office envi-
ronment, and risky professions (e.g., firefighting, aviation, and military) to monitor
a person’s vital health functions [16]. In construction also, several systems exist to
monitor site safety and productivity, with sensors andwearable devices used for loca-
tion tracking of workers, material, and equipment. Such systems focus mainly on
generating smart alerts to avoid safety and health issues, particularly under the social
distancing requirements during theCOVID-19 pandemic. To the authors’ knowledge,
little effort has been done to recognize and mitigate worker fatigue and accordingly
design effective work-rests.

To monitor workers’ psychological status indirectly, several indicators of phys-
ical activity exist [9]: (1) Cardiovascular indicators including heart rate and heart rate
variability; (2) Electrodermal indicators that measure skin conductance, which can
be affected by sweat; and (3) Energy Expenditure and skin temperature indicators.
Among these indicators, Energy Expenditure (EE, kcal/min) is the most representa-
tive of psychological status, stress, and physical demands [2, 13]. Working at an EE
rate that is above the maximum expected of a task results in decreased work produc-
tivity due to physical fatigue and a increased risk of work-related cardiac diseases and
musculoskeletal disorders [24]. Therefore, field EE measurement is useful to assess
workers’ physical demands from ongoing construction tasks. However, the two accu-
rate methods to measure EE (considering either the body heat loss or the oxygen
consumption in performing a task) both are intrusive and interfere with workers’
tasks [10, 31]. As such, EE must be approximated based on other parameters such
weight, height, Heart Rate (HR), age, travel distance [16]. Fortunately, some studies
have shown that HR,which ismuch easier tomeasurewithout hindering user’smove-
ments or actions, has a positive correlation with the level of physical exertion and EE
measurement [3, 17, 20]. On the other hand, heart rate metric separately has also a
strong positive correlation with the cardiac output, the level of physical exertion and
cardiac diseases [22]. In the sports domain, therefore, HR has been used by coaches
and athletes to monitor the level of fatigue [38]. Therefore, HR and approximate EE
data have been adopted in this research to monitor construction workers’ fatigue.

Recently, wristband-type wearable activity trackers have achieved a high level
of sensing (e.g., accelerometer, HR sensor, etc.), real-time HR monitoring without
hindering user’s movements or actions (e.g., comfortable wristband-type), and
affordability (e.g., less than $150 per unit). Most such trackers provide a user’s EE
during his/her free-living activities (e.g., walking and running) utilizing an algorithm
combining embedded HR sensor data and previously identified HR-EE relationships
for specific activities [13, 15, 27]. They mainly use a photoplethysmography (PPG)
sensor for HRmonitoring, however, the extraction of HR data from a wristband-type
using PPG sensor during intensive physical activity remains challenging because of
signals’ contamination and distortions that come from workers’ movements, sensor
displacement, and environmental noises. Further investigation of using noise cance-
lation algorithms is required to test and improve the HR monitoring accuracy of
wristband-type activity trackers, specifically for construction workers who perform
intensive work [14, 33].
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This research aims to facilitate the continuousmonitoring and effectivemitigation
of workers’ fatigue on construction sites. The research is proposing a framework that
is designed for automated and near real-time data collection of workers’ heart rate
and energy expenditure using ubiquitous wrist wearables. Based on the monitored
level of fatigue, the framework will suggest an efficient work-rest schedule that
helps site works recover fast from fatigue, without hindering work productivity.
As an initial stage in this research, this paper involves the following: (1) Selecting
the suitable wristband-type activity tracker that can be used efficiently and enable
easy access to health indicators of construction workers without requiring special
facilities or equipment to collect data in the field; (2) developing a framework for
automated real-time data collection of worker’s features, location, heart rate, and
estimated energy expenditure on an hourly basis using the selected wearable; and
(3) discussing optional designs for work-rest schedules and the use of the collected
data to facilitate this function.

2 Feasible Wearable Devices for Fatigue Monitoring

Location tracking has been themost common application offered by the construction-
related systems that use advanced sensing and wearable devices to support construc-
tion safety and productivity.Applications such asONSiteIQuse cameras and artificial
intelligence software to identify workers, as well as potential safety hazards, such as
workers without gloves, hats or proper fall protection. Although very beneficial, such
special-purpose systems require a large investment to equip the site with the neces-
sary infrastructure. Yet, their collected data may also not be suitable for identifying
and mitigating the effect of fatigue on construction workers.

Because of their affordability, easy of use, and multiple features, the adoption
of fitness-based wearable wristbands is gaining momentum in many industries,
including construction. Fitness wristbands (e.g., Fitbit) can tell a person’s pulse,
GPS location, activity level, and even how well they have slept. With this informa-
tion at the hands of site managers, workers who are feeling unwell can be pulled off
for a checkup or assigned to light-duty until their biometric signs indicate they are
able to domore intensive tasks [4]. A study conducted by Schall et al. [29] mentioned
that 117 construction practitioners indicated that their organization would be willing
to spend $63.17 U.S. per person for a wearable device. This suggests the potential of
using ubiquitous technologies such as Apple watch, Fitbit, Garmin watch, and Kirdia
band, or a construction version of these devices, to track workers’ health and safety.
In this study, therefore, the Fitbit wristband is selected to help monitor worker’s
overstress and fatigue based on heart rate readings. It is important to note, however,
that all sensor-based wearable systems share some concerns related to privacy, inter-
operability, security, standardization, data safety, liability, and cost, which are being
addressed as devices and systems evolve [19, 23].
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3 Field Data Collection Using the Fitbit Wristband

Field HR and EE measurements enable practitioners to assess workers’ physical
effort in performing construction tasks [11, 26, 42]. In this paper, various models
of Fitbit were investigated (e.g., Fitbit Ultra, Flex, Charge, Versa, Sense) to decide
the most suitable for this research, considering cost, tracking metrics, accuracy, and
being ubiquitous.

In termsof accuracyofHRmeasurements, Fitbit devices usePurePulse technology
to measure HR based using a Photoplethysmography (PPG) sensor. A PPG sensor
consists of a light transmits light with different wavelength into the individuals’
tissue and a receiver receives the intensity of the reflected light. The intensity of the
reflected light will be used to determine the change in blood volume over time [28].
All Fitbitmodelswith PurePulse technology provide an acceptableHRaccuracy, e.g.,
Stefanescu and Radoi [30] reported a good accuracy of Fitbit Charge 3 in collecting
heart rate data in their real-world study to predict stress using wearables. In terms
of EE measurement, Fitbit devices use accelerometers to estimate burnt calories,
however, they were consistently unable to provide an accurate measure of EE in
different test conditions [6, 7]. Therefore, in this research, the heart rate data will be
used in analyzing fatigue, with the Fitbit Charge 3 model being selected to collect
data from construction workers on an hourly basis.

Analysis of Fitbit Data Using Web API: Workers will be instructed to wear the
Fitbit consistently Monday to Friday at work. Each Fitbit watch will be linked to
a Fitbit account so that the physical activity could be accessed remotely. The Fitbit
will be synced using the Fitbit app of each participant. Collected data of all workers
is then transferred directly to a cloud service or to a personal device (mobile phone
or laptop). Afterwards, analysis can be performed by granting access to third-party
applications written by independent developers. Using Fitbit API, heart rate and
calories burnt for the group of workers are written to an excel file every hour (e.g.,
Fig. 1). This file becomes ready to be read by the analysis mechanism that combines
the collected workers’ data with the project information about the nature of tasks
and the work schedule (from the associated Microsoft Project file of the project) to
assess the level of workers’ fatigue and devise a mitigative action plan if the fatigue
level is above a certain threshold level.

Fig. 1 Snapshot of workers’ information spreadsheet
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4 Fatigue Mitigation: Work-Rest Scheduling

Fatigue recovery can play a considerable role in the well-being and productivity
of construction workers [41]. A lack of recovery can interfere with their produc-
tivity and also induce emotional, cognitive and behavioral disturbances, which can
subsequently lead to increased risk of injuries and lack of productivity. However,
sufficient rest can prevent the accumulation of fatigue and a loss of productivity. The
impact of work exposure, including physical stress andmental stress, on productivity
considered as “work decay”.While, “Work-rest” is the time provided to recover from
the work decay and help workers overcome the fatigue arising from the work [18].
When a break is given, the worker’s performance is expected to increase due to
recovery. The recovery value depends on how fatigued the worker is when the rest
begins and the length of the rest [21]. Chan et al. (2012) conducted experiments on
rebar workers in hot and humid environment and showed that a construction worker
achieves 58% energetic recovery after a 5-min rest versus 92% after 30 min. Figure 2
illustrate the impact of rest time and frequency on workers recovery and productivity.
In this figure, productivity decreases during work and recover during rest linearly
as assumed by Bechtold and Thompson [1]. The figure shows four different cases:
a full recovery break (as shown for worker W1, and W2) where the work rate at the
beginning of the second work period is at its maximum; and a break that does not
lead to full recovery (as shown for worker W3) where fatigue is accumulated during
the second work period. However, worker W4 who observes frequent and brief rest
breaks, has more productive time for two reasons: fatigue will not be increased as
much, and the recovery will be better. As such, choosing between single rest-break
or multiple intermediate short breaks (i.e. determining the number, place, and dura-
tion of workers’ rest periods) is an important decision to accomplish project key
deliverables. However, the problem of optimizing the work-rest schedule decisions
is studied in different industry domains such as agriculture, nursing, manufacturing,
with very limited efforts in construction. In work-rest scheduling literature, person-
alized variables of heart rate (HR), uptake (VO2), energy expenditure (EE) were the
most common health metrics correlated to fatigue and workload recovery [12, 21,
26, 35, 39]. These metrics increase continuously instead of reaching a steady state
when a worker is engaged in a high-intensity work (e.g. construction) and increase
the potential hazards and related problems [40].

The figure shows four different cases: a full recovery break (as shown for worker
W1, and W2) where the work rate at the beginning of the second work period is at
its maximum; and a break that does not lead to full recovery (as shown for worker
W3) where fatigue is accumulated during the second work period. However, worker
W4 who observes frequent and brief rest breaks, has more productive time for two
reasons: fatigue will not be increased as much, and the recovery will be better. As
such, choosing between single rest-break or multiple intermediate short breaks (i.e.
determining the number, place, and duration of workers’ rest periods) is an important
decision to accomplish project key deliverables. However, the problem of optimizing
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Fig. 2 Illustration of the impact of different rest schedules on fatigue recovery

the work-rest schedule decisions is studied in different industry domains such as
agriculture, nursing, manufacturing, with very limited efforts in construction.

5 Proposed Work-Rest Scheduling

Existing efforts to schedule work rest adopted different objectives. Yi and Chan
[41] maximized the total productive time of rebar workers by minimizing occurring
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Table 1 Threshold of physiological metrics for different work intensity

Metric Work intensity Threshold

Heart rate (HR) Rigours >90% (200-age) for more than 5 min
<90% (200-age) and >50% (200-age)
<50% (200-age)

Moderate

Low

Maximum oxygen consumption
(%VO2max)

Rigours >85 ml/min/kg
<84 ml/min/kg and >50 ml/min/kg
<49 ml/min/kg

Moderate

Low

Energy expenditure (MET) Rigours >6 × the intensity of rest, usually 7–8
MET
<6 × the intensity of rest, and >3 × the
intensity of rest
<3 × the intensity of rest, usually 4 MET

Moderate

Low

of heat stress in construction site, following a work-to-exhaustion then take-a-rest
principle. Another effort by Ning et al. (2011) minimized the total cost considering
costs of work stress with other direct monetary costs (wage costs, setup costs). Yi and
Wang [42] optimized the work-rest schedule to minimize project duration and the
physiological strain on the laborers considering equity and fair allocation between
the laborers. However, these model are not supported by: the ability to measure
physiological changes ofworkerswhile performing physical tasks in a timelymanner
and wihout inerrupting the ongoing work, nor the mathematical representation of the
relation between the productivity and provided breaks, was not included in their
mathematical model.

To enable the calculation of workers’ overexertion, rest allowance, and produc-
tivity loss, the level of work intensity in various tasks is classified as either Rigorous,
Moderate, or Low, as defined in Table 1 [5, 36], depending on the values of various
health metrics of: heart rate; maximal oxygen consumption, and energy expenditure.

The proposed framework is composed of two main components: (1) hourly-based
Data gathering of workers’ physiological features of heart rate, estimated energy
expenditure data, and location; and (2) a mathematical work-rest scheduling for
workers’ assignment.

Inputs
For a project of n activities, each activity i (1 to N) input data are defined using
parameters (di, mi, HRi.work, EEi.work, (P)i) which represent the working duration
required by activity i, number of laborers required to perform activity i, average heart
rate at work of all workers participating in activity i, average energy expenditure at
work, and predecessors, respectively.

Worker (1 to J) are also defined by their physiological information and onsite
tracked metrics (Wj, Yj, Gj, (HRj.max, HRj.rest, HRj.work), (EEj.max, EE.rest, MAEEj,
EEj.work), (x1j, …, xij), (σ1j, σ2j, … σij)) which represent the worker weight, age,
gender,maximumheart rate, heart rate at rest, average heart rate of theworker tracked
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from the Fitbit, maximum energy expenditure, energy expenditure at rest, maximum
allowed energy expenditure, average energy expenditure of the worker tracked from
the Fitbit, xij is a primary parameter that shows the initial assignment set to 1 if
laborer j performs task i, and 0 otherwise; σij is a binary parameter that equals 1 if
and only if laborer j is capable of performing activity i, and 0 otherwise; assuming
that all laborers can perform all tasks (general laborers, unskilled workers), that is,
all σij = 1.

Decisions
To determine an efficient daily work-rest schedule, the model has three variables:

1. Activity Scheduled Start: SSi positive integer value ∀ i = 1, …, N
2. Activity modified duration: Di positive integer value ∀ i = 1, …, N
3. Worker’s reassignment variable: zij binary variable zij ∈ {0, 1} ∀ i, j = 1, …, N.

Constraints

a. Individual maximum and acceptable limit of worker’s fatigue in terms of heart
rate and energy expenditure must be below the threshold limits and within the
acceptable limits

b. Sum of the demands of a resource (j) by all eligible activities in each day (t,
from day 1 to the end of all tasks) must be within the resource availability limit.

c. Precedence relations between tasks must be respected. Where, the scheduled
finish time (SFi) of an activity i is the sum of the scheduled start time (SSi) plus
activity duration (di) considering the productivity loss due to workers energy
exertion, i.e., (SFi = SSi + di/ Pi).

Objective Functions
The objective function of the proposed model has two components: (1) Minimizing
project duration by maximizing the total productive time; and (2) safeguarding the
health and safety of construction workers by maximizing the minimum difference
between the energy expenditure at work value and the acceptable/threshold of energy
expenditure. These objectives by turn should indirectly affect the cost of the project
by decreasing the cost of pausing from work, and cost due to increased risk of injury
caused by keeping certain level of physiological stresses, respectively. With all of the
above considerations regarding the tasks and the laborers, the team leader assigns the
tasks to the laborers with the aim of minimizing the job completion time and the total
extra energy expenditure of the laborers. Based on the decision variables and basic
constraints, two main expressions have been represented in the model (Total Project
Duration; and Total energy expenditure) to be used individually or combined as an
objective function. In case of minimizing Total Project Cost, an additional constraint
is needed to restrict the Project Duration to the deadline. The team leader of the
laborers, when assigning the tasks, also needs to take equity into consideration: the
total work load of two laborers should not differ too much. As the model has two
objectives, an overall objective function is the weighted sum of both objectives, with
the values of the weights determined according to the project managers’ preferences.
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6 Conclusions

In construction, the classical scheduling algorithm, ignores constraints related to
a human’s physiological factors and limitations, resulting in unrealistic schedules.
This paper is proposing a framework for unobtrusive monitoring of the physiological
changes ofworkers’ during theirwork performance, and then accordingly setup activ-
ities times, and associated rest duration, select optimal task performance sequence,
and reassign at-risk workers. Ongoing efforts (almost completed) develop a new
mathematical formulation of construction schedule on daily basis that understands
human personal demands, and code it using the powerful constraint programing tool
of the IBM ILOG CPLEX Optimization Studio 12.8. Future work will examine the
performance of the model on real-size construction projects. To the author knowl-
edge, this study is the first effort to consider the real-time physiological condition of
workers while determining the number and timing of breaks and workers assignment
that are currently missing in existing practices.
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An Integrated AHP-TOPSIS
Methodology for Selecting Suitable
Project Delivery Method
for Construction Projects

N. Soltanikarbaschi and A. Hammad

1 Introduction

A project delivery method (PDM) can be defined as: “system for organizing and
financing design, construction, operations, andmaintenance activities that facilitates
the delivery of a good or service” [13]. Selecting an appropriate PDM that meets the
project’s requirements and the owner’s needs is a critical task that can profoundly
influence the efficiency of the project execution process. As an example, it has been
estimated that the selection of an appropriate PDM can reduce construction project
costs by an average of 5% [4]. In many cases, however, the decision about the
PDM is often made intuitively and based on unstructured approaches [5], which can
result in an inappropriate project delivery strategy and failure of the project. Hence,
selection of the PDM should be based on a structured analytical approach. There are
several PDMs that owners can choose from. In this research, three project delivery
methods are considered: design-bid-build (DBB), construction management at risk
(CMR), anddesign-build (DB).EachPDMhas its ownadvantages anddisadvantages.
However, there is no PDM that is universally the best for all projects. A PDM that
leads to the success of one project can result in failure of a project under different
circumstances.

DBB is usually referred to as “the traditionalmethod” inwhich the owner contracts
with a designer to conduct the preliminary and detailed designs for the project. There-
after, the owner advertises and calls for bids, and they award a separate contract to
the best bidder for construction of the project based on the designer’s completed
construction documents. This selection is typically based on the lowest price. In
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DBB, the owner is financially liable for the cost of any design errors, omissions, or
changes faced in the construction phase [9]. This delivery method involves sequen-
tial separate phases, and the construction phase cannot begin until all design and
procurement phases are complete. Thus, it may lead to a longer project duration
as compared to other delivery methods and has the potential to foster adversarial
relationships between involved parties [11]. CMR is a delivery method in which the
owner engages a competent contractor who is then committed for the construction
performance and the risk of delivering the project within a defined schedule and price.
In addition, the owner contracts a designer to provide design services [9]. DB is a
delivery method in which the owner procures both design and construction services
from a single, legal party referred to as the “Design-Builder”. This delivery method
allows the overlap of the design and construction phases, resulting in opportunities
for innovation and improved constructability [15]. This approach can eliminate the
adversarial relationship in DBB because one entity is responsible for both the design
and the construction. It can also reduce the overall time of project completion [1]
and, as a result, it is generally used for fast-track projects.

2 Background and Problem Statement

Various studies have proposed methodologies and techniques for selecting an appro-
priate PDMfor a project.Alhazmi andMcCaffer [3] conducted researchon a selection
model for project procurement system, and they applied Parker’s judging alternative
technique in their proposed model. This methodology contains four screening stages
including feasibility ranking, evaluation by comparison, weighted evaluation and the
analytical hierarchy process (AHP). In this study, four main criteria of time, cost,
quality, and owner’s general needs and 25 sub-criteria are considered as selection
factors in the procurement selection process. A major problem associated with this
study is considering contracting methods and delivery methods at the same time
as potential alternatives. For example, “construction management” and “cost reim-
bursable contracts” cannot be compared with each other as delivery method alter-
natives. Chan et al. [6] conducted a study on proposing a model for procurement
system in construction projects using multivariate analysis through applying Delphi
survey technique. In this proposed technique, a selected expert panel was asked to
answer four questionnaires about influential factors in the selection of the procure-
ment system in construction industry. This approach is extremely time consuming,
and the authors mentioned that some experts did not provide their responses through
all rounds of Delphi process. Al Khalil [1] and Mahdi and Alreshaid [14] used AHP
for the selection process. Al Khalil states that since AHP approach can consider
both tangible and intangible factors in the analysis process, it can be a useful tool
for the owners to select the appropriate PDM. Al Khalil [1] considered 12 influ-
encing factors, while. Mahdi and Alreshaid [14] considered 34. A shortcoming of
these studies that when owner’s preference comparisons among criteria change, the
ranking weights of the criteria would remain relatively unchanged due to the large
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number of influencing criteria. Oyetunji and Anderson [18] proposed a decision-
making approach in which quantitative relative effectiveness values were generated
for PDM selection, and then they used these values in the simple multi attribute
rating technique (SMART) methodology for the selection of appropriate PDM. They
considered 12 project delivery alternatives, and these alternatives are a combination
of PDMs and contracting and payment methods, which are not comparable. More-
over, this model considers 20 factors as critical selection criteria which have been
given predetermined weights. Mostafavi and Karamouz [16] used a fuzzy, multi-
attribute decision making approach in which they considered 20 critical selection
criteria. In this study, the attributes’ weights are determined by the decision maker
linguistically, which does not provide a comprehensive prioritization of the attributes.
Chen et al. [7] developed a PDM selection model with data envelopment analysis
(DEA)-bound variable (BND) and Artificial Neural Networks (ANN). Sixteen indi-
cators are proposed as selection criteria, which are categorized into four groups of
project objectives, project characteristics, characteristics of owner, and characteris-
tics of contractor and external environment. The proposed method includes DB and
DBB delivery methods, and it includes three stages. In the first stage, the decision
maker needs to establish a database containing enough data from similar projects.
This step can be very time consuming or might not be feasible due to lack of access
to similar project data. In the second step, indicator values are examined. The final
step is training the modified similar projects’ data through which the proper PDM
would be predicted.

There are some limitations that are shared among the existing PDM selection
approaches. First, because some studies considered many selection factors, the
ranking of the attributes remain relatively unchanged when the owner’s preferences
change. In addition, other studies did not consider a systematic approach for obtaining
attributes’ weights; in a number of studies, predetermined weights were used in the
PDM selection approach, losing consistency in the judgments. Finally, the imple-
mentation of some selection approaches is highly complex, time consuming, and
may not be generalizable. These limitations have inspired this study that proposes a
systematic selection framework ranks of criteria in a structured manner and is easy
to use.

3 Methodology

The conceptual model of the proposed framework is shown in Fig. 1. The model
was developed considering three main components: PDM selection criteria, deriving
weights of criteria using AHP, and ranking PDM alternatives using the Technique
for Order of Preference by Similarity to Ideal Solution (TOPSIS).

First, applicable PDM selection criteria for construction projects was obtained
from the literature. Then, AHP was applied for deriving selection criteria weights
based on the owner’s needs and preferences. In this step, the owner of a project
is asked to conduct a pairwise comparison between selection criteria. The owner’s
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Review Relevant Literature

Develop the Decision Support Framework

PDM Selection Criteria Development

Deriving Weights of Criteria 

Ranking of Project Delivery Method 
Alternatives

AHP

TOPSIS

Fig. 1 Conceptual model of proposed framework

Table 1 The AHP comparison scale given by Vargas [23]

Weight Definition

1 Equal importance

3 Weak importance of one over another

5 Essential or strong importance

7 Very strong importance

9 Absolute importance

2, 4, 6, 8 Intermediate values between the two adjacent judgments

Reciprocals of above If factor i is assigned one of the above numbers, then j has the reciprocal
value of i

preferences will be presented based on a scale of 1–9 (Table 1), as described by
Vargas [23].

Once the criteria weights were assigned, TOPSISwas used for ranking PDMalter-
natives. Overall, this framework was developed for decision makers in construction
industry.

3.1 Development of Selection Criteria

Various surveys have been conducted to find the factors that affect PDM selection
the most. Table 2 summarizes several of proposed selection criteria from the chosen
reference. Several proposed factors have similar meanings, but different expressions
were used for them. To unify the concepts, one expression formwas selected for each
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Table 2 Critical criteria for PDM selection proposed in the literature

Selection criteria Referencesa

A B C D E F G H I J

Schedule � � � � � � � � � �

Cost � � � � � � � � � �

Quality � � � � �

Site conditions � �

Familiarity and establishment � �

Innovation � �

Owner’s experience and capacity � � � � � �

Regulations and policies � � � �

Project complexity � � � � � � � � �

Market conditions � �

Flexibility for changes � � � � � � �

Clarity of project scope � � �

Uncertainty � � �

Conflict of interest � �

Risk management � � � � � � �

Allowance for competitive bidding � � �

Design � � �

aNote: A = Konchar and Sanvido [12], B = Oyetunji and Anderson [19], C =Cheung et al. [5], D
= Al Khalil [1], E = Chan et al. [6], F = Mahdi and Alreshaid [15], G = Mafakheri et al. [18], H
= Tran et al. [22], I = Yoon et al. [24], J = Ding et al. [10]

of those factors. The most common PDM selection factors that are considered in this
study are schedule, cost, quality, project complexity, flexibility to change, owner’s
experience and capacity, and risk management. Furthermore, as the number of selec-
tion factors increases, the assigned weights become more similar, and the model is
less sensitive to the owner’s preferences for prioritizing the criteria. Therefore, while
selecting effective variables, the individual factors were chosen for a manageable
number of variables.

3.2 Obtaining Critical Factors’ Weights Employing AHP

AHP helps a decision maker divide a complex problem into smaller elements and
develop a hierarchy of elements [19]. These elements include criteria and feasible
alternatives. Then, the evaluation process proceeds through a pairwise comparison
between criteria, and all evaluation ratios are combined to obtain an overall rating of
the alternatives. The steps of AHP are:
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Table 3 Ratio index value for matrixes with different size

Size of matrix 2 3 4 5 6 7 8 9 10

RI 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49

1. Select criteria that should be ranked according to the owner’s preferences.
2. Develop a comparison matrix, quantify the selected criteria through pairwise

comparison, and generate weights using a rating scale.
3. Normalize the resulting matrix by summing each column and dividing each

value by the sum of the corresponding column. The result is the normalized
value of each element. The corresponding factor’s weight is then calculated by
the average in each row.

4. Calculate and check the consistency ratio. In some cases, the comparisonmatrix
is inconsistent for a couple of reasons. First, the decision maker is unable to do
the pairwise comparison consistently. Second, the method itself has inherent
inconsistency due to using fixed values while comparing the pairs [21].

To check the consistency of the matrix, a consistency index (CI) is calculated and
compared with a fixed value of random index (RI) [20].

CI = (λmax − n)/(n − 1) (1)

where n is the matrix size. The value of λmax is determined by adding the normalized
values of all elements in each column, multiplying the resulting sum of each column
by the corresponding relative priority value (weight), and adding the results of the
relative multiplications.

The RI is shown in Table 3, and the consistency ratio (CR) is calculated as [2,
12]:

CR = CI/RI (2)

Any matrix with a CR below 0.10 is usually considered acceptable because this level
of inconsistency does not severely affect results [2].

3.3 Using TOPSIS Approach

After obtaining criteria weights from AHP, then TOPSIS method ranks PDM.
TOPSIS method is developed by Chen and Hwang [8]. It relies on defining the
alternative that has the shortest distance from the positive ideal solution (PIS) and
the farthest distance from the negative-ideal solution (NIS). As per the authors, the
TOPSIS procedure consists of the following steps:
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Step 1. Obtain the normalized decision matrix. The normalized value rij is calculated
as:

rij = fij/

√
√
√
√

n
∑

i=1

f2ij, j = 1, . . . , J; i = 1, . . . , n, (3)

where fij is the ranking of alternative i with regards to criterion j.

Step 2. Modify the obtained matrix using the weight of each criterion. The weighted
normalized value vij is calculated as:

vij = wj.rij, j = 1, . . . , J; i = 1, . . . , n, (4)

where wj is the weight of the jth criterion, and
∑j

j=1 wj = 1.

Step 3. Define the PIS (A+) and NIS (A−).

A+ = {

v∗
1, . . . , v

∗
n

} = {(

max vij|j ∈ I′
)

,
(

min vij|j ∈ I′′
)}

, j = 1, . . . , n (5)

A− = {

v−
1 , . . . , v−

n

} = {(

min vij|j ∈ I′
)

,
(

max vij|j ∈ I′′
)}

, j = 1, . . . , n (6)

Step 4. Utilize Euclidean distance to determine the separation of each alternative
from the PIS and NIS:

d+
i =

√
√
√
√

n
∑

j=1

(vij − v+
j )2, i = 1, . . . , n (7)

d−
i =

√
√
√
√

n
∑

j=1

(vij − v−
j )2, i = 1, . . . , n (8)

Step 5. Determine the relative closeness for each alternative i with respect to A+:

cl+i = d−
i

d+
i + d−

i

, i = 1, . . . , n (9)

Step 6. Rank all alternatives according to relative closeness.
The alternative with the highest rank represents the optimum solution.
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Table 4 Decision matrix for PDM selectiona

PDM Criteria

Schedule Cost Quality Complexity Flexibility to
change

Owner’s
experience
and capacity

Risk
management

DBB 1 9 5 5 1 5 3

DB 9 3 9 1 9 5 5

CMR 5 5 7 5 9 9 9

aLinguistic terms for rating scales: 1= poorly effective, 3= ineffective, 5= fairly (neutral) effective,
7 = effective, 9 = highly effective

4 Results and Sensitivity Analysis

4.1 Decision Matrix for PDM Selection

Table 4 shows the PDM decision matrix in which different possible alternatives are
compared and are given rating scores according to different criteria. In this study,
the rating scale ranges from 1 to 9.

4.2 Hypothetical Case Study

The framework proposed in this studywas implemented on a hypothetical case study.
For this project, l the most important goal was compressing the project schedule.
Therefore, the owner assigned the highest-ranking to “schedule” in comparison with
the other selection factors. As such, Table 5 indicates criteria pairwise comparison
matrix with respect to the project’s top goal, the schedule, and Table 6 shows criteria
weights for the schedule-driven project obtained through AHP process.

Since the CR is less than 0.1, the pairwise comparisonmatrix is consistent. Having
criteria weights, TOPSIS methodology was implemented. Tables 7, 8 and 9 show the
calculated distance from ideal solution (d+

i ), distance from negative-ideal solution
(d−

i ), and alternatives’ relative closeness to ideal solution (cl+i ), respectively.
The higher the value of cl+i , the higher the ranking of the alternative. Therefore,

for the hypothetical, schedule-driven project, DB should be selected since it has the
highest value of relative closeness to ideal solution.

A sensitivity analysis was also carried out to study the impact of different criteria
on PDM selection. For this purpose, it was assumed that the studied critical factor has
the highest weight in comparison to other criteria in each iteration. Therefore, in the
pairwise criteria comparisonmatrix, the studied factor is given score 9, while all other
criteria get the lowest ranking point. Table 10 contains the results of this sensitivity
analysis, indicating which project delivery method would be most suitable if the
highest priority changes.As can be seen, if the owner decides to consider “flexibility”,
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Table 5 Criteria pairwise comparison matrix with respect to the project’s top goal

Criteria Schedule Cost Quality Complexity Flexibility
to change

Owner’s
experience
and
capacity

Risk
management

Schedule 1 9 9 9 9 9 9

Cost 0.111 1 1 1 1 1 1

Quality 0.111 1 1 1 1 1 1

Complexity 0.111 1 1 1 1 1 1

Flexibility to
change

0.111 1 1 1 1 1 1

Owner’s
Experience
and capacity

0.111 1 1 1 1 1 1

Risk
management

0.111 1 1 1 1 1 1

Consistency ratio = 0

Table 6 Criteria weights for the schedule driven project obtained through AHP process

Criteria Schedule Cost Quality Complexity Flexibility to
change

Owner’s
experience
and capacity

Risk
management

Weight 0.6 0.0667 0.0667 0.0667 0.0667 0.0667 0.0667

Table 7 Distance from ideal
alternative

PDM DBB DB CMR

d+
i 4.71664 0.7679 3.28533

Table 8 Distance from
negative ideal alternative

PDM DBB DB CMR

d−
i 0.50054 4.68055 1.58794

“complexity”, “owner’s in-house experience and capacity” or “risk management” as
the most significant goal of the project, CMR would be the most appropriate PDM.
If the owner chooses “schedule” or “quality” as the most important factor, the DB
would be chosen as the most suitable PDM. If “cost” is considered as the highest
priority, the results reveal that DBB would be the most suitable PDM.

Table 9 Relative closeness
to ideal solution

PDM DBB DB CMR

cl+i 0.09594 0.85906 0.32585
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Table 10 Sensitivity analysis results

Studied critical criterion Considering the studied factor as
the top goal of the project
(relative weights change
accordingly)

PDM selected by the proposed
framework

Schedule Studied factor’s weight is 60%
and the other criteria weights are
approximately 6.6%

DB

Cost Studied factor’s weight is 60%
and the other criteria weights are
approximately 6.6%

DBB

Flexibility to change Studied factor’s weight is 60%
and the other criteria weights are
approximately 6.6%

CMR

Project complexity Studied factor’s weight is 60%
and the other criteria weights are
approximately 6.6%

CMR

Quality Studied factor’s weight is 60%
and the other criteria weights are
approximately 6.6%

DB

Owner’s experience and
capacity

Studied factor’s weight is 60%
and the other criteria weights are
approximately 6.6%

CMR

Risk management Studied factor’s weight is 60%
and the other criteria weights are
approximately 6.6%

CMR

5 Conclusions

This study provides a systematic, structured methodology for construction projects
owners to select the most suitable PDM for their projects. The delivery system that is
selected should be able to help the owners achieve the project goals and objectives in
an efficient, cost-effective manner. This study developed a list of critical factors that
affect the selection of PDM. The proposed decision support framework enables the
owners to assess the importance of each factor with regards to their project, assign
weights to these factors in a comprehensive and systematic way, and evaluate the
potential alternatives to select a PDM that facilitates the project’s goals.

A sensitivity analysis was conducted to determine how the results of this frame-
work change when it is applied to projects with different top priorities. The PDM
selection approach in this study was developed based on characteristics of construc-
tion projects in which the available alternatives and effective criteria have been
considered. Therefore, the scope of this researchwas limited to construction projects,
and it the proposed system may not be applicable for other types of project as well.
Hence, a recommendation for future research effortswould be to develop a systematic
PDM selection approach for other types of projects with specific characteristics.
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Innovation and Effectiveness Through
Diversity

Peter Calcetas and Brianna Murree

1 Introduction

Aworkplacewhere diversity is present benefits all levels of the organization including
individuals, team/group dynamics, vendors and suppliers. In the context of this case
study, the term ‘diversity’ consists of members of varying age, gender, culture,
ethnicity, language, and place of origin. As teammembers have varying backgrounds,
talents, and abilities, the organization is able to gain unique perspectives when
solving complex problems which, in turn, leads to increased employee engagement,
productivity, and a greater competitive advantage.

Although the concept of a diverse work environment remains ideal for orga-
nizations, achieving organizational efficiency and cohesion through diversity and
inclusion does not come without short-term challenges. The difficulty of achieving
team cohesion through diversity requires team members to not only self-reflect on
individually but reflect upon others to reach common ground and understanding.
Thus, reaching a common understanding among a group of diverse individuals is
what is referred to as ‘normalizing cognitive bias’. As normalization requires a
framework, this case study’s target organization, HKC Construction (“the Orga-
nization”) combines the fundamental building blocks of technologies, training, lead-
ership, and mentorship to achieve synchronicity and overall team cohesion in the
industries of Architecture, Engineering and Construction (AEC). Adapted by the
author, Peter Calcetas, the frameworks in relation to an individual (see Fig. 1), are
key to understanding each individual’s diverse characteristics and behaviors before
building towards organizational efficiency and team cohesion. The analysis frame-
work developed for this case study utilizes four perspectives to observe the individual
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Fig. 1 Frameworks in
relation to analyzing
individual’s behavior

Individual

Four Seasons

Group 
Development

Rela�onships

Mo�va�on 
Cycle

team members, specifically: Four Seasons, Group Development, Relationships and
Motivation Cycle.

2 The Organization’s Case of “Four Seasons”

The Four Seasons perspective compares the individual’s experience living and
working in a part of the world that has relatively different season change and
compared this to the team member’s earlier experiences. For the Organization, the
experience of its team members in the AEC (Architecture, Engineering, Construc-
tion) sector varies by city and country of origin, education, discipline, and age group.
In this case, the workforce includes visible minorities (29%), employees that have
immigrated from outside of Canada (50%), and are bilingual—Spanish, Portuguese,
Greek, French, Dinka, Filipino, Arabic, Italian (99.1%). Therefore, for many on the
team, the broader temperature range and four seasons comewith personal challenges,
as different standards are implemented for each country. The change of seasons from
autumn towinter caughtmany newcomers ill prepared to the nuances of construction.

In this case, half of the members on the Organization’s team, cold weather
concreting was not a consideration for project scope, timeline, or budget. Their
prior experiences did not encompass the issue of cement hydration in low tempera-
ture. The phenomenon of cold weather concreting was not a factor for quality. Many
of our members came from warm weather experiences, where the higher ambient
temperatures contributed to accelerated hydration. To help bring the entire team to a
mutual understanding of quality control for concrete during cold weather, the Orga-
nization delivered orientation classes intended to be refresher courses for some, and
new knowledge for others. The questions posed during the in-house education were
the seeds of valuable unintended consequences. The Organization was inspired to
adopt advanced techniques and technologies as a complement to the local Cana-
dian best practices. Addressing the needs of the entire team in an open, safe, and
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non-judgmental manner, removed assumptions from the equation. This allowed the
entire Organization’s local grown experts and expatriates alike to view the issue
at hand with fresh eyes. This fresh eye approach encouraged the deployment of a
much-improved operating procedure which mitigated risk more effectively, while
increasing productivity.

What was experienced is known as the “Commitment Effect”, which is a cognitive
decision-making bias that skews problem solving and decision making. The benefit
of having teammates that are not committed to the typical way of solving problems or
following processeswithout reconsidering the context of each situation. This prompts
the question, “How do we avoid what is known as ‘the Sunk Cost Fallacy’”? Julia
Galef, President at theCenter forAppliedRationality proposes a concept “Rationality
in Action: Look at a Problem as an outsider” [1]. By using the case situation as a
multi-culture, multi-country of origin collective of teammates, the organization has
access to “Looking at a problem as an outsider” by virtue of team composition.

Initially, the construction progress did seem as if the team were off to a slow start
for the cold weather concreting issue if it were not for a more patient and sympa-
thetic approach incorporating a strong desire for inclusiveness. The altruistic moti-
vation to mentor and guide members less familiar with local conditions, dynamics,
and restraints forced more well-versed team members to reconsider typical standard
operating procedures. In other words, it was the effort of articulating a phenomenon
and its treatise which allowed the expert on the team the opportunity to consider the
situation like an outsider. The thought exercise created opportunities for profound
insight which propelled the action of retuning the process by incorporation a fusion
of time-honored techniques for cold weather concreting such as, insulation, space
heating and tenting, in concert with wireless sensors, cloud computing, artificial
intelligence and the Nurse-Saul Theory of concrete maturity [2]. In the construction
sector, where time is at a premium, competing with project budget and scope, it is
doubtful that people would invest the effort and time dedicated toward introspection.
In this case, diversity was the seed of innovation and the spark for action.

3 Team Dynamics: Diversity Versus Normalization

The Theory of Team Dynamics: Individuals are free to act in service to their own
needs and desires. In effect the person’s means are directed toward their desired end
results. A group of individuals who continue to act solely in their own interests,
simply share the same space and continue to act with their own means toward their
individual ends. When the individuals begin to interact toward a common goal or
goals their means (resources), needs and desires (end results) become interdepen-
dent. This interdependency is highly productive when means/resources, actions and
end goals/results are coordinated. The stages of team dynamics and small group
development, according to Bruce Tuckman, noted behaviorist, have been observed
to be composed of the following stages: [1] Forming, [2] Storming, [3] Norming, [4]
Performing and [5] Adjourning [3].



614 P. Calcetas and B. Murree

As a team, theOrganizationwas quite diverse from a country of origin and primary
language perspective. All members speak at least two languages fluently. The educa-
tion and experiences were also diverse, spanning three continents and a dozen coun-
tries. After the team’s Forming stage, characterized by a period of friendly tentative
relations and moderate productivity, the change of seasons revealed the relevant
experience and educational compatibility with local conditions. Evidently, there was
a large discrepancy with four season experiences. The consequences of the out of
sync skills and experience sets was the trigger for an intense Storming stage. At this
point, the concern was the erosion of team cohesion.

3.1 The Basis of Relationships

Relationships are built on three primary components: [1] mutual trust, [2] mutual
respect and [3] the willingness to adapt. Assigning blame and isolating individuals
or groups is a symptom of a reduction in mutual trust and mutual respect. To change
the trajectory of the team dynamic, senior management quickly intervened by lever-
aging [3] the willingness to adapt. With such a diverse group, each team member
was comfortable with adaptation since they each had a multi-cultural life experi-
ence. Negotiating the differences between cultures was a learned adaptive skill and
expectation. To drive normalization, a knowledge exchange program of local best
practices and technical fundamentals was given to all members through in-house
lecture and 1 on 1 tutorials. Hands on training, experiential learning and theoretical
discussions resulted in an increase of [2] mutual respect which quickly led to the
repair of [1] mutual trust. The high level of adaptation amongst the team greatly
facilitated normalization which accelerated quickly to the Performing stage of team
dynamics.

By the beginning of the winter season, the team collectively concluded that they
were equally comfortable performing in the cold weather phases of the year and
look forward to similar knowledge exchange in anticipation of the warmer spring
and summer seasons ahead. The diverse experiences created an intense and turbulent
Storming stage of team dynamics. However, the diversity also increased the general
willingness to adapt which, coupled with an understanding of the foundational prin-
ciple of relationships, facilitated a quick normalization stage and accelerated to the
performing stage. In retrospect, diversity was the seed of increased performance.

3.2 Individual Motivation

Organizational behaviorists explore the concept of motivation. At a fundamental
level, individual motivation is an evolving cycle of (1) Needs, (2) Behaviors and (3)
Satisfaction (see Fig. 2). From the individual’s perspective, the starting point is the
identification of Needs which are defined, followed by a determination of a potential
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Fig. 2 Individuals’
motivation cycle Needs 

BehaviorsSatisfaction 

solution through Behaviors, based offering of service effectively leveraging their
skills, then the Needs reach a level of Satisfaction. It is this ongoing cycle that drives
individual motivation, and as the needs evolve, so too will the Behaviors.

To aid in the understanding this dynamic in the context of work, motivation can
be understood using two different perspectives: Content and Process of Motivation.
Content Motivation seek to explain an individual or group of individual’s actions to
satisfy needs and aspirations [4]. In short, Content Motivation is focused on what
motivates the individual. The Process Motivation perspective explores the potential
reason how and why motivations affect individual behavior, which is effectively how
motivation occurs within the person’s decision criteria [5].

3.3 Content Motivation and the Four Seasons

When observing the Storming stage of the case study, the Content Motivation theory
that is particularly relevant is offered by EltonMayo—where norms and group cohe-
siveness aid in explaining the intensity of the Storming stage and the transition to
Norming and Performing.

The Mayo Theory of Motivation created by Elton Mayo (Fig. 3) helps to explain
what was motivating individual team members leading up to the “Four Seasons”
Case. Initially, the team exhibited a low level of Norming with a moderate level
of group cohesiveness, partly due to the relatively newness of the team members,
where ½ the team joined less than 6 months earlier but buttressed by the extend
family nature of the organizational culture.

Fig. 3 The Mayo theory of
motivation [6]
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3.4 Process Motivation and the Four Seasons

When considering the Process Motivation to explain HOW motivation occurs, the
Equity Model is one of the more appropriate frameworks. Equity, as the title implies,
is the balance between the inputs the individual receives and the outputs the indi-
vidual supplies. It has been observed that some members of the team interpreted
performance to be lower than their expectations. This gave rise to feelings of tension
due to the inequity of the division of labor and resulted in dispute, which contributed
to the Storming stage of team dynamics.

3.5 Communication and Diversity

Personal communications do impact how individuals behave. According to the PMI
(Project Management Institute) training for the PMP (Project Management Profes-
sional) communication is subject to three errors: (1) Encoding, from the message
Sender, (2) Transmission, the medium used to send the message and (3) Decoding,
by the Receiver [7]. For visual reference, refer to Fig. 4: Transmission Model of
Communication [8]. The Encoding is influenced by the Sender and is linked to their
life experiences, culture, personality, and temperament among many other factors.
In the case of a remarkably diverse team, the Encoding phase is not normalized
with a new team. Similarly, to Encoding, the Decoding errors are equally valid and
affected by the individual’s attributes. In the interests of efficiency, we will simply
acknowledge that Transmission errors have and will continue to occur in a manner
and frequency consistent with organizations conducting business in the Canadian
economy.

The phenomenon of communication errors that were observed was particularly
extreme and exacerbated by cultural differences. One example which repeated itself,
except for intervention, was when an Encoder came from a culture which was very
direct in their communication with no emotional investment in the content or conse-
quence of the interpretation; and Transmitted the communication to aDecoder from a
culture which attached social standing and the perception of performance in commu-
nications.Often, the unintended consequenceswere amisinterpretation. TheEncoder

Fig. 4 Transmission model
of communication [8]
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was intending to communicate, in this case, a specific situation. The Decoder inter-
preted this as a professional disparagement. The opportunity to normalize, through
the various trials the team overcame, was the impetus to profoundly explore prac-
tical alternative solutions available to the team. The patience and effort needed to
overcome the challenges required a much higher commitment of time, research, and
communication to normalize all the members in technical knowledge, methods and
means of communication. The increased difficulty in communication motivated the
team to seek and adopt techniques and technologies to reduce barriers to effective-
ness. Collaborative SaaS (Software as a Service) aided the Encoding and Decoding
errors with the added benefit of also reducing Transmission errors. Further, the drive
to facilitate effectiveness also created a “gateway” solution to adopt other technolo-
gies like wireless concrete maturity sensors, cloud computing, artificial intelligence,
and predictive modeling.

As an observation, the elevated level of diversity contributed to a much more
challenging and intensive Storming stage. However, with a high willingness to
adapt, patience and perseverance, the consequences are a higher individual and team
effectiveness, technical adoption, and search for practical applications of innovation.

4 Conclusion and Observations

Diversity in the context of a For Profit Enterprise in the Canadian AEC Sector is a
consequence of the multi-ethnic social make up of Canada. This situation presents
a heightened communication and cultural barrier beyond the existing generational
differences that exist in a mono-ethnic society. The team, in this case, utilized the
three pillars of healthy relationships:mutual trust,mutual respect, and thewillingness
to adapt as a base to create Team Cohesion, productivity and a self-styled “Social
Contract” to interact.

At the group level, normalizing cognitive bias through understanding diversity and
incorporating an organizational framework consisting of innovative technologies,
training, and hands on mentorship, organizations can effectively improve employee
engagement, productivity, and organizational efficiency.

At the individual level, the team members became normalized to a mutually
acceptable manner of articulating, through considerate Encoding, not only the infor-
mation but also the context of themessage in amanner which emphasizes facts-based
language and phrasing. This has been found to mitigate the risk of Decoding errors
by reducing the likelihood of crossing a cultural threshold of individual character
judgment.

To journey as part of a team composed of diverse individuals is a greater challenge.
To choose a path which respects the differences in the storming stage and incorporate
the opportunity to drive normalization with consideration, research, collaboration,
and innovation may, as in this case, bear the fruits of higher productivity and team
cohesion. We are inspired by the sentiment of the French Culture which celebrates,
“Vive la différence!”.
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Life-Cycle Analysis for Upgrading
Residential Buildings to Optimize Energy
Consumption

M. Sandhu and M. R. Dann

1 Introduction

Houses provide an essential aspect for humanity—shelter. The elements of the outer
building envelope play an important role in maintaining the temperature inside a
house. Modifying these elements can change the energy consumption of the house
and reduce the cost of energy in the long term. 39 percent of energy-related carbon
dioxide emissions are from buildings and construction—that is 125 Exajoules used
globally in 2016 alone [1]. The city ofCalgary is known for its extremeweather condi-
tions, thus making construction materials a crucial feature in houses. It contributes
only a tiny fraction to the global carbon dioxide emissions, but to foster sustainable
development of Canada, it is necessary to start at a community level.

Numerous countries have pledged to make reducing greenhouse gas emissions a
priority by signing the Paris Agreement. Canada has signed the Paris Agreement
and placed emphasis on promoting energy efficient products through numerous
programs that can save homeowners up to $300 each year [2]. This study incor-
porates many energy efficiency products from these government approved programs
to help decrease space heating costs.

The purpose of this study is to develop a lifecycle analysis for buildings that
can be used to assess the total energy consumption and associated costs. It will
allow building owners, commercial or residential, to make better decisions on how
to modify their structures in term of energy efficiency. For the study, the scope is
limited to specific houses. The research investigated the residential homes in the
Calgary, Alberta region. The prices were based off local rates and were collected
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in August 2020. The temperature data used was from 2018 to 2020 from Environ-
ment and Climate Change Canada [3]. Data related to energy providers was collected
from ENMAX [4]. Although the average size of a house in Canada is approximately
1900 square feet [5], a 2300-square-foot house in Airdrie, Alberta, was taken as
representative residential home in Alberta to perform the case study. The represen-
tative residential home was chosen as it is the residence of the first author, therefore
all home related details required were for the study were accessible. The presented
work in this paper was developed from May to August 2020 where the first author
was a research intern under the supervision of the second author.

The paper is divided into the following section. The methodology in form of a
lifecycle analysis is presented in Sect. 2. A numerical example is provided in Sect. 3
to better illustrate the proposed approach. Section 4 contains the conclusions and
recommendations for future work.

2 Methodology

The core of the proposed lifecycle approach is a thermodynamic analysis of the
building of interest to assess the current and future heating requirements based on
the temperature differential between inside and outside the building. The total energy
consumption for heating of a building is determined based on the energy loss due
to the temperature differential. Consider a homogeneous portion of the building
envelope, the incremental energy loss during a short time interval �τ is determined
as follows:

E = U A�T�τ (1)

where E is the incremental energy loss of the considered element, U is the u-factor
of the material, A is the area of the element, and ΔT is the temperature differential
between inside and outside of the building. As the u-factor is material dependent,
the energy loss is the sum over all n elements that belong to the building envelope:

E =
n∑

i=1

Ui Ai�T�τ = �T�τ

n∑

i=1

Ui Ai (2)

In Eq. (2) it is assumed that the temperature difference between inside and outside
the building is the same for all elements. The equation could be used to assess the
total energy loss if the temperature difference �T would be time-invariant. Daily
and sessional variations of the outside temperature must be considered. For example,
Fig. 1 shows how the outside temperature fluctuates in a year, with summer months
consisting of higher temperatures while winter has lower temperatures.

Figure 2 displays the hourly temperature change over 2 days, with cooler
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Fig. 1 Hourly outside temperature profile for the city of Calgary from May 18, 2019, 13:00:00 to
May 18, 2020, 12:00:00
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Fig. 2 Hourly outside temperature for the city of Calgary from May 18, 2019, 13:00 to May 20,
2019, 12:00

nights and warmer days, shown by the 12 °C gap between the highest and lowest
temperatures.

To better account for the stochasticity of the sessional, sub-seasonal, and daily
changes of the temperature difference�T, the thermodynamic analysis is discretized
into hourly steps of �τ = 1 h. The total energy loss Etot is then the sum of the
incremental losses over the considered remaining lifetime of the building assuming
the temperature differences �Tj are known:

Etot = �τ

m∑

j

�Tj

n∑

i=1

Ui Ai (3)

Considering that air conditioning (if present) uses electricity and not natural gas,
the only outside temperatures used for calculations were the ones that required the
building to heat (below 20 °C):

I f 20−Toutside > 0, use in calculations as heating is required. (4a)

I f 20−Toutside < 0, do not use in calculations as heating is not required.

(4b)
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Based on Eq. (3), the total lifecycle costs cE for heating can be determined. If
the unit-energy costs c0 would be time-invariant, the total costs cE is simply Etotc0.
However, as energy costs vary in time due to shorter term seasonal variations and
long-term inflations, Eq. (3) is expanded to obtain the total costs for heating the
building, which is equivalent to the total costs of the energy losses:

cE = �τ

m∑

j

c0, j�Tj

n∑

i=1

Ui Ai (5)

where c0,j is the cost per unit energy for time period j.
The total lifecycle costs ctot must include any costs cB incurred over the service

life of the building that will be used to repair, replace, or upgrade on the building
envelope. Any changes to the building envelope may affect the heating requirements.
Hence, the sum of the heating costs cE and the building improvement costs cB needs
to be considered:

ctot = cE + cB (6)

The objective is to minimize the total lifecycle costs of the building to achieve
the most economical solution. This objective is a surrogate for the most sustainable
design such as the case where the total energy consumption of the building due to
construction, maintenance, and heating should be minimized in order to minimize
green house gas emissions.

Equations (5) and (6) do not consider any energy losses due to small openings and
cracks in the building envelope. Additionally, energy released in form of heat from
electronic devices such as appliances, computers, lights are not taken into account.
Solar heat is assumed to be negligible in this analysis. It is expected that the total
energy consumption according to Eq. (3) will differ to the actual energy amount used
for heating the building. To account for the factors that have not been considered in
the analysis, a model correction factor will be introduced that is calibrated based on
the actual amount of used energy. Details of the model calibration are provided in
Sect. 3.

The overall methodology can be summarized in the following steps:

1. Retrieve u-factors of materials
2. Calculate the area each material encompasses on the building envelope
3. Evaluate differential temperature between inside and outside of the building

over specified time period
4. Input energy costs for utility service provider
5. Perform lifecycle cost analysis.

The proposed lifecycle analysis in Eqs. (5) and (6) is implemented in a spreadsheet
tool to have the ability of examining the cost benefit of upgrading one or more
elements of the building envelope to achieve better insulation effects and reduce
long-term energy costs.
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3 Numerical Example

To illustrate the proposed lifecycle analysis in Sect. 2, a 2300-square foot detached
house in Airdrie, Alberta, was analyzed. The building was constructed in July 2014,
and a total lifetime of 50 years was assumed. It is a relatively new home at the early
state of its lifecycle. Table 1 shows the areas and u-factors for all elements of the
building envelope.

The areas of most elements were calculated from the existing drawing of the
house that contains the dimensions of the house, while the rest of the areas were
measured using a measuring tape. The u-factors in Eq. (5) and Table 1 are material
specific. There are many different types of walls, roofs, windows, and doors and
each of them can have different u-factors. The u-factors for some of the windows
and doors were found by inputting the product code into the National Fenestration
Rating Council (NFRC). The u-factor of walls and roofs was found by examining
the u-factors appropriate for each of the zones in the Calgary region and selecting the
best suited wall composition for the building being analyzed [7]. It is acknowledged
that determining or finding u-factors may not be a trivial task.

It is assumed the inside temperature of the building remains constant at 20 °C.
To predict future heating requirements for the building, it is necessary to have an

Table 1 Areas and u-factors
for the elements of the
building envelope

A (ft2) U (BTU/ft2 °F h) UA (BTU/°F h)

Type of window

Casement 635 46.79 0.4 18.71

Fixed 752 83.74 0.46 38.52

Horizontal
slider 751

76.04 0.46 34.98

Single vertical
hung 750

18.05 0.46 8.30

Fixed 637 59.46 0.45 26.76

Type of door

Patio door 15.41 0.35 5.40

Front door 21.44 0.35 7.50

Sliding door 38.88 0.45 17.50

Garage door 22 0.16 35.20

Type of wall

Normal 2922 0.057 145.83

Exposed
basement

784 16.93 46.31

Type of roof

Cathedral/Flat 297 0.035 10.42

Normal 979 0.017 16.60
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Fig. 3 Average outside temperature of 2016–2020 for the lifecycle analysis to forecast future
heating requirements of the sample building

estimated outside temperature profile for the remaining lifetime of the building. As
a first estimate, the average of four hourly temperature curves from 2016 to 2020
was used to obtain a somewhat “smoothened” outside temperature curve. Figure 3
shows the results of this analysis.

The temperature profile in Fig. 3 could be used without further modifications
to predict the total heating energy and total lifecycle costs according to Eq. (6).
However, since climate change occurs at 0.18 °C per decade [8], this effect was
accommodated in the analysis by shifting the temperature curve in Fig. 3 upwards at
rate of 0.018 °C/year. This linear increase of the outside temperature is a simple and
effective way to incorporate the effect of climate change into the analysis where the
required energy for heating the buildingwill be slightly reduced by havingmore hours
with a temperature above 20 °C. If more advanced and local results become available
in future, the proposed lifecycle analysis can be easily adjusted to incorporate more
accurate temperature predictions.

Determining the energy consumption according to Eq. (3) will inevitably result
in a difference to the actual energy consumption. This effect occurs as models are
developed based on simplifications and assumptions that leads to differences between
models and reality. A multiplicative model error is introduced in (3) to improve the
estimation of the energy consumption.

Etot = ε�τ

m∑

j

�Tj

n∑

i=1

Ui Ai (7)

where ε is the model correction factor. It is estimated by comparing the energy usage
from the energy bills (= actual energy consumption) with calculated values based
on Eq. (3). Figures 4 and 5 blue represents the energy values calculated and orange
represents the energy values from the energy bills.

As displayed by the two graphs above, the trend is quite consistent for the most
part, indicating that the modeled values have a similar trend but is higher than the
actual energy consumption. The fact that the actual and estimated energy consump-
tions are very similar is expected as the temperature differential �T is the primary
factor for heating a building.
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Fig. 4 Energy consumption comparison for the period from June 2019 toMay 2020 without model
error adjustment
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Fig. 5 Energy consumption comparison for the period from June 2018 toMay 2019 without model
error adjustment

To be able tomake recommendations for improving the existing building envelope
with an economical benefit, it is necessary to perform two analyses:

1. Estimate the lifecycle cost ctot,0 based on the existing conditions of the building
without introducing any alterations. This cost value represents a base value.

2. Estimate the lifecycle cost ctot,mod if one or more modifications are introduced
in the building envelope that may lead to energy savings beyond the investment
costs to obtain the modifications.

The objective is to find the modifications in the building envelope that will
maximize the difference between the lifecycle costs from the two analyses:

�c = ctot,0 − ctot,mod (8)

where �c > 0 is the cost savings due to the proposed modification(s). If all possible
alterations lead to a negative�c, itmeans the existing building should not bemodified
or upgraded.

The costs of alternate building envelope elements that possess lower u-factors need
to be found or determined. The lower the u-factor, the higher energy performance
the material provides. Table 2 shows resources of high efficiency elements and the
costs that were used in the analysis.
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Table 2 Cost of new higher
efficiency elements

Element Cost ($) Resource

Windows

Casement 320 Home Depot [9]

Horizontal sliding 200 Home Depot [9]

Vertical hung 250 Home Depot [9]

Fixed 215 Home Depot [9]

Type of door

Patio door 400 Home Depot [9]

Front door 190 Home Depot [9]

Sliding door 700 Home Depot [9]

Type of wall

Stucco 7/square foot Calgary Stucco [10]

Vinyl 5/square foot Urban Siding [11]

Type of insulation

Closed cell spray foam 4/square foot Beyond Foam [12]

U-factors of the house were changed to its higher performing version, and after
factoring the cost, the analysis was made based on that singular product change. This
analysis allowed the effects of each sub-element change to be displayed visually on
a graph, which made it easier to identify which house modification would decrease
the energy levels and reduce costs the best.

As already mentioned, the entire analysis was implemented in a spreadsheet tool
to allow home and building owners to perform their own analysis without the hassle
of developing the numerical analysis. Figures 6, 7, 8 and 9 show a few screenshots
of the developed tool.

The user has the option at the beginning of the analysis to select the preferred
unit system and whether U or R values are in the analysis. R values are the inverse
of u-factors.

The user is prompted with the questions in Fig. 7 to add in information regarding
their home or building.

Default u-factors are provided in Table 3 if the user does not provide any values.
For example, the u-factor of the garage door used is 0.16 (BTU/ft2 °F h). The product
of u-factor and area for the housewas found to be 144.30 (BTU/°F h). These u-factors
are taken from the Inspections Group, which comply with section 9.36 of the Alberta
Building Code.

Fig. 6 User preferences
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Fig. 7 House specific user input

Fig. 8 Energy cost and usage input
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Fig. 9 User recommendation

Table 3 U-factors to replace
blank user inputs

Sub-element U-factors

Horizontal sliding window 0.46

Vertical hung window 0.46

Casement Window 0.40

Fixed window 0.45

Glass sliding door 0.45

Front door 0.35

Patio door 0.35

Cathedral/Flat roof 0.035

Normal roof 0.017

The energy usage was determined to be 47.36 GJ/year. The next step allows the
user to input whether they have a fixed or floating payment for their energy bills,
in Fig. 8, floating payment plan was chosen. which, in this sample picture the tool
allows the input of a fixed payment rate/GJ. The user will then be asked if they have
information on their payments and energy usage for each month. These values will
be the preferred values in calculations.

The payment entries the payment/year was calculated to be an average of
$1071.00/year. After applying the steps, the model error was determined to be 2.17.
From calculations, it was evident that some of the elements did not significantly
change energy or cost values, therefore, to provide a simpler user experience they
were omitted in the final graphs. After subbing in modifications for the number of
years that the user chose, Fig. 9 shows the recommendation that is presented to the
user. The recommendation includes the element that will provide the best financial
return over the elected years, the estimated sum of natural gas bills and the average
cost and energy decrease per year.
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4 Conclusion

In conclusion, the goal of creating a template that maximizes energy efficiency
and money spent was successful. Our research suggests that for the sample house
investing in quality patio doors would be the best course of action for the span of
25 years. On average the yearly energy usage decreased by 1.9% and the total energy
cost decreased by 4.9% at the 25-year mark. It is important to note that ideally
the user would input all the data relevant to their house, otherwise it may alter the
results from the true values. Implementing these modifications are one step closer
to reducing carbon emissions, and if implemented in a larger scale it will make a
significant difference. This template has the potential to be altered for larger scale
projects so that it is applicable to other cities and commercial buildings.
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Essential Elements and Best Practices
for Teaching a Culminating Capstone
Course Online in Construction
Management Programs

H. Dang and W. Bender

1 Introduction

Capstone was in use as early as the late 1800s and became a common term in
higher education in themid-twentieth century. It referred to a culminating experience
concluding an integrative and comprehensive experience in an educational program.
Many Construction Management (CM) programs required a capstone course in the
senior year of an undergraduate curriculum. The course often integrates and synthe-
sizes knowledge gained from previous courses through a real-world project experi-
ence. This experience presents students with the ability to show fundamental knowl-
edge and skills gained during their studies. As construction projects have become
more complex, the capstone course has become more important to prepare students
for professional careers and challenging projects.

Capstone courses in CM programs have various forms and configurations
depending on program outcomes, accreditation requirements, and departmental and
institutional resources. Figure 1 illustrates four forms and alternatives ofCMcapstone
courses. The most common one is the projection option. Students are pursuing,
competing, or managing construction projects. Often, the capstone courses use alter-
native project delivery methods and qualification-based selections. Students can
prepare qualifications (e.g., description of past project experience, bonding capacity),
estimates, schedules, site logistics, safety program and record, quality control, risk
management, and subcontracts management. There are either a few major deliver-
ables or many small assignments for students to complete a capstone project. When
students are pursuing projects, they typically work on a Request for Qualification
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Fig. 1 Various forms and alternatives of construction management capstone courses

(RFQ) and a Request for Proposal (RFP) along with their design, estimate, schedule,
and others. When students are managing projects, they often focus on estimates,
schedules, site logistics, safety, cost controls, submittals, and financial performances.
Some capstone courses use regional or national student competition projects such
as Associated Schools of Construction (ASC), Mechanical Contractors Association
of America (MCAA), American Society of Civil Engineers (ASCE), or National
Association of Home Builders (NAHB) student competitions.

Some capstone courses offer an option to provide services to local communi-
ties (e.g., Habitat for Humanity). Service projects are extremely valuable to local
communities and have a direct impact on different organizations. Therefore, some
researchers have investigated service-learning for a culminating capstone experience.

In exceptional cases, a capstone course can be an undergraduate research project
under the approval of a faculty advisor. Research projects offer students an excellent
opportunity to work with a faculty advisor on frontier topics in the construction
industry. For example, many research projects involve data collection from general
contractors or investigating organizational issues or technology applications.

Internships or full-time job experiences sometimes are used as an alternative to
capstone courses. However, this option is uncommon and likely to be eliminated. It
is worth pointing out that some construction management programs may mandate a
certain number of internships for graduation requirements. They are unlikely to use
internships to replace capstone courses due to a lack of control and assessment.

The knowledge gap of this research is to investigate essential elements and
best practices to teach the CM capstone course online. In the past, construction
management capstone courses were often taught in-person in a face-to-face envi-
ronment despite various forms and alternatives, simulating real-world projects and
experiences. However, most courses changed to online instruction because of an
outbreak and ongoing surges of a pandemic. As a result, online CM capstone courses
faced many challenges for real-world project-based learning. To investigate essential
elements and best practices to teach the course online, the authors select instructors
who have at least taught capstone online one time to collect qualitative data. We aim
to explore the following two research questions in a time-sensitive environment.

1. What are the essential elements for teaching constructionmanagement capstone
courses online?
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2. What are the best practices for teaching construction management capstone
courses online?

2 Literature Review

The authors collected literature from three organizations: the American Society of
Civil Engineers, the American Society of Engineering Education, and the Associ-
ated Schools of Construction. The authors initially collected more than 100 articles,
subsequently selected about 30 papers, and ultimately identified less than ten articles
closely related to construction management capstone courses.

2.1 Capstone Course

Capstones offer a culminating experience and prepare students for professional
careers in the construction industry. Traditional courses and pedagogies focus on
specific knowledge content, while capstones require critical-thinking and problem-
solving based on a real-world project. Many researchers have revealed a significant
variation of capstone course delivery, including but are not limited to course dura-
tion, project scope, project source, project selection, faculty involvement, industry
participation, team assignments, a mixture of specialties or disciplines, number of
participants, and evaluation processes [1]. Luo and Hyatt [2] summarized several
key elements, including extended time frames, interdisciplinary or multidisci-
plinary teams, service-based or real-world projects, open-ended problems, profes-
sional issues, technology tools, faculty and industry mentorship, and job-ready skill
performance [2, 3].

Narrowly focusing on construction management programs, the authors synthe-
sized capstone projects in three categories below.

• Qualification-Based Selection Projects

– Request for Qualification (RFQ)
– Request for Proposal (RFP)
– Early estimate and schedule and sometimes detailed estimate and schedule
– Building Information Modeling
– Emphasize on oral presentations

• Competition Projects

– Specific problem or project
– Subcontract preparation
– Detailed estimate and schedule
– Site logistics
– Safety



634 H. Dang and W. Bender

– Construction management approaches
– Risk management

• Construction Projects

– Site logistics
– Cost control
– Financial performance.

2.2 Online Teaching

Online teaching became a mandated requirement of higher education in March 2020
because of the coronavirus disease 2019 (COVID-19) pandemic. The COVID-19
pandemic forced universities to shift from in-person to online teaching. The courses
that were traditionally taught in-person hadmany difficulties in the shift and required
more preparation time for the online course delivery.

Themandated online teaching changed pedagogies and environments for teaching
and learning. Some teaching practices suddenly became difficult or impossible to
perform. These included but were not limited to building rapport with students,
hosting office hours, humanizing online courses, using a whiteboard for notes and
demonstrations, and maintaining social presences. Some others were carried over to
online teaching but delivered differently. These were Universal Design for Learning
and diverse and inclusive teaching. Some main characteristics of online learning are
1) blended instructions using reading materials, recorded videos, and live meetings;
2) intensive uses of technologies for engagement and empowerment; 3) a balance of
course flexibility and student’s motivation; 4) a shift towards self-regulated learning.

3 Research Design

The authors used a qualitative approach to investigate the essential elements and best
practices for teaching CM capstone courses online. First, the authors discussed their
teaching background and positionalities in the research design. Second, the authors
analyzed capstone course syllabi and identified top-ranked student learning outcomes
by frequency. Third, the authors conducted seven semi-structured interviews with
capstone course instructors. Figure 2 illustrates the workflow of research data collec-
tion. The authors sent a one-minute survey to the Associated Schools of construction
and Construction Research Congress communities to recruit participants. The survey
collected if they were willing to participate in a semi-structured interview and their
contact information.The surveyhad21 responses.Ofwhich, 16 completed the survey.
The authors contacted nine and conducted seven semi-structured interviews.
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Fig. 2 Research data collection workflow

3.1 Background and Positionalities

The authors have extensive teaching experience in construction management
capstone courses. Author A taught capstone five years in a construction engineering
andmanagement program and two years in a constructionmanagement program. The
former was a concurrent simulation of a real-world design-build project with amix of
students from civil engineering and construction engineering and management. The
course was offered in both Fall and Spring semesters (i.e., 16 weeks per semester)
to a range of 75–150 students. Students typically worked in a team of eight. Each
student was specialized in one role or discipline. These roles included but were not
limited to architects, structural engineers, geotechnical engineers, civil and site engi-
neers, transportation engineers, hydrology and environmental engineers, mechanical
engineers, electrical engineers, estimators, schedulers, construction managers, and
Leadership in Energy and Environmental Design (LEED) specialist. There were four
major deliverables, including a request for qualification (RFQ), preliminary design
notebook, request for proposal (RFP), and oral presentation. About two instructors
and one or two teaching assistants delivered the course working with assistance
from one faculty advisor for each role or discipline. The latter was an immersive
real-world construction project for construction management students. The course
spanned in Winter and Spring quarters (i.e., 10 or 11 weeks each quarter) and had
a range of 12–31 students. Students worked either individually or in a team of four
or fewer members. There were seven deliverables, including project selection and
approval, introduction, estimates and schedule, planning and site logistics, construc-
tion management, project report, and oral presentation. Both capstone courses had
two one-hour lectures and one two-hour lab for each section.

AuthorBhas taught capstone at three universities, a civil engineeringdesign-based
capstone, and a project-based capstone for construction management students. The
most recently taught capstone courses were individually, and for one year, students
had an option of two-person team-based projects. Projectswere based on real projects
that had not been constructed yet. Students were required to find the projects from
the local industry, and thus each project was unique. Deliverables included esti-
mates, schedules, written proposals, safety plans, risk analysis, logistic plans, and
oral presentations to an industry panel. All courses were face to face except for online
courses in the spring and summer of 2020.
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3.2 Content Analysis of Course Syllabi

The authors collected five syllabi from seven research participants in American
Council for Construction Education (ACCE) accredited programs. The two unavail-
able course syllabi were Accreditation Board for Engineering and Technology
(ABET) accredited programs. Thus, they were not included in the analysis of ACCE
student learning outcomes. To optimize results, the authors included two syllabi, one
from each author, in the analysis. The authors counted the student learning outcomes
in the collected syllabi. These student learning outcomes were then ranked from the
most to least frequent.

3.3 Semi-structure Interviews with Course Instructors

The authors conducted seven semi-structured interviews with nine contacted partici-
pants. Of these nine participants, one withdrew at the beginning of the interview, and
one did not confirm a scheduled time or respond to further email communication.
Each semi-structured interview lasted about 25 min, with five main questions below
guiding the conversation.

1. What are the general information and requirements of the capstone course in
your program?

2. Do you assess any student learning outcomes (SLOs) in the ACCE for your
capstone course? If so, what are these SLOs?

3. What are the essential elements for teaching constructionmanagement capstone
courses online?

4. What are the best practices for teaching construction management capstone
courses online?

5. How do you ensure a culminating experience in capstone?

4 Results and Discussions

Research participants have a minimum of one year of online teaching experience for
construction management capstone courses. Figure 3 shows the years of teaching,
teaching capstone, and teaching capstone online for sixteen survey respondents. Of
which, seven participated in semi-structured interviews, including participants A, B,
C, D, F, M, and N.

Most participants taught a required, one-semester construction management
capstone course in the senior year of a four-year program. The course had a range
of 10–45 students. One participant stated that a capstone course had a maximum
of 25 students in enrollment because of intensive work from the course instructor.
The course might enroll up to 35 students with a teaching assistant for the course
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Fig. 3 Teaching experiences of survey respondents and interview participants

instructor. Among seven participants, five had students who worked in teams, one
had a mix of team and individual work, and one had individual work only. We found
that five capstone courses had construction management students only in ACCE
accredited programs. Two capstone courses had students in multidisciplinary teams.
These two courses were in ABET-accredited programs.

While all CM capstone courses focused on reading plans and specifications,
estimate, schedule, site logistics, safety, risk management, each course had unique
content meeting requirements from the industry advisory council or geared towards
specific program outcomes. Most capstone courses typically span for one semester
or two quarters. However, some construction programs offer one capstone course
for multiple semesters or quarters to enhance comprehensive preconstruction and
constructionmanagement practices. In addition, other construction programs provide
a unique capstone course for each specialization or discipline.

4.1 Student Learning Outcomes

Capstone courses in ACCE accredited programs meet one or more of the 20 required
Student Learning Outcomes (SLOs) for bachelor’s degree programs in construc-
tion. Although the course may include other SLOs at the course, program, general
educational, institutional, or university levels, ACCE SLOs are universal metrics for
evaluation and comparison.
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Students who graduated from these ACCE accredited programs shall be able to:

1. Analyze construction documents for planning andmanagement of construction
processes.

2. Create written communications appropriate to the construction discipline.
3. Create a construction project safety plan.
4. Create construction project cost estimates.
5. Create construction project schedules.
6. Understand the role of the construction manager as a member of different

multidisciplinary project teams.
7. Apply electronic-based technology to manage the construction process.
8. Create oral presentations appropriate to the construction discipline.
9. Analyze professional decisions based on ethical principles.
10. Analyze methods, materials, and equipment used to construct projects.
11. Understand different methods of project delivery and the roles and responsi-

bilities of all constituencies involved in the design and construction process.
12. Understand construction risk management.
13. Understand construction project control processes.
14. Understand the basic principles of sustainable construction.
15. Apply basic surveying techniques for construction layout and control.
16. Understand construction accounting and cost control.
17. Understand the legal implications of contract, common, and regulatory law to

manage a construction project.
18. Understand the basic principles of structural behavior.
19. Understand construction quality assurance and control.
20. Understand the basic principles of mechanical, electrical, and piping systems.

Based on five syllabi from participants and two syllabi from the authors, top-
ranked SLOs are shown in Table 1. It appeared all syllabi focused on SLO#7 apply
electronic-based technology to manage the construction process for online capstone
courses. The following four equally ranked SLOswere related to analyzing construc-
tion documents, methods, materials, and equipment and creating cost estimates and
schedules to manage the construction process and construct the construction project.

4.2 Course Models and Examples

Research participants generally taught capstone courses in two models: A and B.
In Modal A, a course instructor works with industry mentors or faculty advi-
sors to deliver one or more projects in a capstone course. Often, students work
in teams, especially when using industry mentors. Sometimes, students work indi-
vidually or perform a mix of individual and team assignments. Model B requires
multiple capstone courses, breaking down into residential, commercial, heavy civil,
or mechanical. Both models can have an engineering design component in capstone
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Table 1 Student learning outcomes of construction management capstone courses

SLO# I II III IV V VI VII Total

7 1 1 1 1 1 1 1 7

1 1 1 1 1 1 6

4 1 1 1 1 1 6

5 1 1 1 1 1 1 6

10 1 1 1 1 1 1 6

3 1 1 1 1 1 5

8 1 1 1 1 1 5

9 1 1 1 1 1 1 5

2 1 1 1 1 4

6 1 1 1 1 1 4

12 1 1 3

13 1 1 1 3

16 1 1 1 3

14 1 1 2

18 1 1 1 2

11 1 1 1

15 1

17 1 1

19 1 1

20 0

Fig. 4 Models for construction management capstone courses

projects, especially when the course has multidiscipline such as civil engineering,
architectural engineering, and construction management (Fig. 4).
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4.3 Essential Elements and Best Practices

Based on semi-structured interviews, participants revealed multiple essential
elements and best practices in three categories: (1) course content, (2) student work,
and (3) assessment and feedback. Course content consisted of the design, develop-
ment, and delivery of a capstone course. Course instructors typically selected real-
world projects based on project descriptions shared by industry sponsors. Sometimes,
instructors allowed students to choose a project of their interest under certain criteria.
The instructors needed to review and approve a student’s project before it could be
used for the capstone course. The project included construction documents such
as plans and specifications. Students would analyze these documents and prepare
their estimates, schedules, site logistics, and other required tasks. Projects further
progressed in construction required safety programs, quality control, risk manage-
ment, and financial performances. It was also essential to include interactions with
industry mentors or faculty advisors. Some courses had specific instructions for
mentor meetings. Others used industry mentors as guest speakers or judges.

Student work should be self-driven and proactive in eithermajor team deliverables
or small individual assignments in the capstone course. Often students who were not
self-driven or proactivewould procrastinate or seek answers at the lastminute. Unfor-
tunately, these students needed to understand the expectations at the beginning of
the capstone course. Students who were self-driven and proactive would ask ques-
tions, use resources, and engage in continuous learning activities. These students
performed well and often pleasantly surprised others because of their excellent work
and deliverables. Students should plan time to work on the capstone project every
day. Taking the work seriously and treating it as a real job was critical to students’
learning and performing tasks successfully.

Research participants emphasized assessment on both technical and professional
skills as previous courses only focused on technical content. If students wereworking
in teams, two peer evaluations should be conducted at the middle and end of
the course. The middle evaluation should be openly shared within each team for
constructive feedback. The end evaluation should be confidential to the instructor.
The authors recommended the standard category method for the middle evaluation
and Michaelson Method for the end evaluation. Assessment should be consistent
with timely feedback. Each assignment or deliverable should have a grading rubric
that clearly explains expectations. When it is challenging to maintain consistent
grading for different projects, instructors should use the best professional judgment
or consult with industry mentors for assessment and feedback. Timely feedback
enabled students to learn from their past performance (Fig. 5).

Since capstone courses are often real-world projects, it is important that students
analyze and respond to professional issues or unforeseen incidents. For example, one
participant described a four-week exercise for an unforeseen incident on a capstone
project. Industry partners developed these unforeseen incidents to capture real-world
problems and risks in construction projects.
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Fig. 5 Essential elements and best practices for teaching CM capstone course online

4.4 Online Teaching for a Culminating Experience

Most participants shared that resources should be abundantly available, and students
should have access to software and technology support. The use of Google Drive,
CATME, or Basecamp for sharing documents would help teamwork and collabora-
tion. Students also need remote access to technology such as scheduling, estimating,
and other software. The instructor should record each meeting so that students could
watch later if they missed a meeting.

Althoughmultiple disciplineswere observed in civil engineering and architectural
engineering programs, construction management programs remained exclusively for
construction students, with different students taking on different roles. Integrating
architects and engineers would be useful for alternative project delivery methods
such as design-build and integrated project delivery. A traditional construction
project might not require multidisciplinary teamwork for culminating experience.
When possible, it was recommended to incorporate sustainability, Building Infor-
mationModeling (BIM), andpreconstruction activities in a constructionmanagement
capstone project.

During COVID-19 restrictions Zoom or MS Teams was used for class, mentor
sessions, and presentations. The use of a virtual platform enabled class meetings,
presentations, and mentor sessions to continue. Some form of a Learning Manage-
ment System (LMS) (i.e., Canvas or Blackboard) was used to communicate, manage,
grade, and update the online course.
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5 Conclusions and Recommendations

The authors described the most important student learning results, two capstone
course templates, and several essential elements and best practices. These essen-
tial elements for course content are (1) Utilizing real-world, open-ended tasks, (2)
providing proposals, requirements, forecasts, schedules, and site logistics, (3) inte-
grating ethical issues and financial analysis, (4) conducting collective collabora-
tion, and (5) engaging with industrial mentors or faculty advisors were the essential
elements for course material. Students needed to be self-motivated and constructive
with their deliverables. The essential elements for appraisal and reviews were (1)
testing both technical and professional expertise, (2) providing peer review at the
middle and end of the course, (3) reviewing oral presentations and written submis-
sions, and (4) providing students with a large amount of constructive and timely feed-
back. Some of the best practices included but were not limited to (1) well-structured
material with straightforward guidance, (2) optimal usability, approachability, and
affordability, and (3) accurate grading with rubrics and timely reviews. In addition,
the reviewer summarized novel methods for online schooling.

The authors made the following recommendations for teaching CM capstone
course online.

1. Incorporate small projects or examples in previous courses so that students are
familiar with the process.

2. Assess each SLO directly or indirectly in previous courses at least once before
assessing the SLO in the capstone course. Several SLOs that require the student
to “create” are and should continue to be directly assessed in the capstone.

3. Resources need to be abundantly available, and technologies need to be remotely
accessible to students.
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