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Preface

This volume presents a compilation of research works covering the fields of
manufacturing and mechanical engineering. All manuscripts in this volume were
presented during the 3rd International Conference on Architecture and Civil
(ICACE 2019) which was held at Seri Pacific Hotel, Kuala Lumpur, Malaysia on
26–27 June 2019. The editor(s) of this book series would like to express the utmost
gratitude and thanks to all reviewers in the technical team for making this volume a
success.

Seri Iskandar, Malaysia Ir. Dr. Mokhtar Awang, PEng, CEng
Serdang, Malaysia Ar. Meor Razali Meor M Fared
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Thermal Comfort Consequence
of Pavement Material at Pedestrian Level
in Melaka Town

Golnoosh Manteghi, Tasneem Mostofa, Ahmad Shukri Yahaya
and Hasanuddin Bin Lamit

Abstract The pavement materials used to create urban spaces and footpaths are
known to significantly affect the pedestrians’ comfort levels. Consequently, this paper
is focused on the influence of the outdoor thermal comfort from multiple materials
being used to construct the footpaths of Melaka Heritage Town. The hourly data per-
taining to the meteorological elements and outdoor thermal comfort of the pedestrian
area of Melaka Heritage Town (air temperature, relative humidity, globe tempera-
ture, and wind velocity) used in this work were collected via field experiment. The
RayMan Software Package (PET) was used to elucidate the thermal environment
of six scenarios, made up of multiple river widths and pavement materials. The
results confirmed the bare red clay pavement materials that are close to adequately
wide waterbody is the best scenario to maintain a slightly warmer comfort range at
the pedestrian levels for creating suitable thermal comfort. Thermal comfort assess-
ments at pedestrian levels can also be used to elucidate the benefits of the creation
of microclimates toward improving urban designs.

Keyword Pavement material · Thermal comfort · Waterbody · Physiological
Equivalent Temperature (PET) · Melaka Heritage Town

1 Introduction

Many researches are currently being conducted on the outdoor thermal comfort in
the context of subtropical, temperamental, and cold climates, as per [2, 3, 5, 7, 10,
11, 14]. For the past two decades and coinciding with the general increase in urban
microclimates, the number of researches pertaining to this subject has also increased.
Current and ongoing changes to the urban density and street mesh of modern urban-
ity and the monitoring of neighborhood microclimates prevent the realization of the
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best human thermal comfort. Furthermore, randomized urban design resulted in the
development of uncomfortable regions between building blocks [1, 6, 12]. Previ-
ous research posited that pavements could decrease the heat island impact via its
use phase of pavements. A significant percentage of land in urban areas is covered
with multiple types of pavement, encompassing parking areas, streets, plazas, foot-
paths, and playgrounds. It should be pointed out that an uncomfortable microclimate
environment discourages people from taking a walk around an area, which would
result, in the long run, in health problems due to the lack of exercise among the pop-
ulace [6]. Previous works posited that research on outdoor human comfort within
tropical climates remains in its infancy, and studies focusing on thermal comfort at
tourist attraction sites are even more limited. Earlier works on this topic reported
the influence of high albedo materials on outdoor/indoor environments, where most
elucidated the application of these materials on roofs. However, not many works
focused on the effect of pavement on the ground, which is adjacent to the pedestrian
levels, upon thermal comfort. Malaysia, where tourism is a source of revenue and
outdoor activity is expected in most places of attractions, thus thermal comfort is
[9]. This paper used a busy tourist pedestrian footpath in Melaka Heritage Town
constructed with different pavement materials. This paper intends to elucidate the
thermal components of the environments in tropical Malaysia.

2 Research Method

Aquantitative pilot test was used to quantitatively elucidate outdoor thermal comfort,
where the pilot test focused on determining the thermal conditions of outdoor spaces
at pedestrian levels of Melaka Heritage Town (Fig. 1).

It was conducted during regular days from July 28, 2018 to June 4, 2018 from 10
am to 5 pm. The first phase involves collecting principal data via information from
the site, encompassing observation (i.e., walkthrough), meteorological data, reports,
material, and electronic documents. On the back of this data, site conditions were

Fig. 1 Bird’s-eye view of
the study area
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Table 1 Description of the scenarios

Scenarios Pavement
material

River width
(m)

Distance from
waterbody
(m)

Influential
parameter

Selection

Scenario I Brick tile 18 0–3 Trees x

Scenario II Bare red clay
tile

18 0–3 Nominal
vegetation

√

Scenario III Brick tile 15 30–35 N/A
√

Scenario IV Brick tile 15 0–3 N/A
√

Scenario V Bare red clay
tile

15 0–3 N/A
√

Scenario VI Bare red clay
tile

18 30–35 N/A
√

Scenario VII Bare red clay
tile

15 30–35 N/A
√

generalized and categorized into seven scenarios, as per the context of the current
situation and planning, the width of the waterbody, pedestrian pavement material,
and distance from the waterbody. During the first phase, specific information on all
the scenarios was gathered. With the help of that information, field measurements
were conducted, which was the second phase of this work. The third phase involves
concentrating on a suitable outdoor thermal comfort index, also called Physiologi-
cally Equivalent Temperature (PET), for the evaluation of the conditions of human
thermal comfort in multiple outdoor spaces [4]. The influences and insights were
collected and reported in the form of guidelines for the improvement of thermal
comfort at pedestrian levels in the context of Melaka Heritage Town.

2.1 Filed Measurement Scenarios

The pilot test outlined seven scenarios on the base of existing situation of the water-
body and current setting of the footpaths of the town. However, in the interest of
an accurate quantification of the influence of pavement material with waterbody,
one scenario, pertaining to vegetation, was omitted. These scenarios are tabulated in
Table 1.

2.2 Estimation of Outdoor Thermal Comfort

RayMan 1.2 was utilized in this work to determine the levels of thermal comfort.
The software package does this using personal (height, weight, age, sex, clothing,
and activity) and climatological (air temperature, wind speed, relative humidity, and



4 G. Manteghi et al.

Table 2 Performance of the measuring instrument

Instrument name Parameters Range Accuracy Resolution

GM816A digital anemometer Va (ms−1) 0–30 ms−1 ±5% 0.01

RC-4HC data logger Ta (°C), RH (%) −30–+60 °C
0–99%

±0.18 °C
± 2.5 %s

0.02 °C
0.03%

General handy heat index Tg (°C) 0 °C–50 °C ±1 °C 0.1

mean radiant temperature) data. Table 3 tabulates the input data utilized to determine
the thermal comfort at pedestrian levels at Melaka Heritage Town. There is a small
and almost negligible PET variance between men and women of standard height and
weight (~0.1 °C). Therefore, this work selected males who are 1.75 m in height,
weighing 70 kg, and are 35 years old as its calculation standard. Statistics tells us
that the activity of 87% of tested peoples on the pedestrian side walkway involves
walking (~0.9 m/s), which corresponds to a metabolic rate of 115W/m2 (taken as the
calculation parameter). The mean clothing thermal resistance of the tested persons
is ~0.90 clo.

3 Results

3.1 The Microclimate of the Selected Scenarios

In the pilot test, the annual weather was used in order to accommodate variations such
as rain, cloudy, and sunny bright days in the analyses. Meteorological determinations
of air temperature, relative humidity, wind velocity, and globe temperature were
recorded on each survey day. Table 2 details the instruments’ used for this purpose.
The survey began at 10 am due to the position of the sun and end at 5 pm. Air
temperature was between 29 and 42.7 °C. The highest relative humidity was cloudy,
at ~75.9%, while the lowest was at noon, at 45%, averaging to ~60% for the day.
The maximum outdoor wind velocity was 2.8 m/s, with its minimum at 0 m/s. The
average air velocity on each survey day was 1.5 m/s, and at more than 68% of the
time, it was 1.5 m/s. The highest global temperature was 44.6 °C, while the lowest
was 32.7 °C. The meteorological data is summarized in Table 3.

3.2 Thermal Comfort in Selected Scenarios

The pilot test intended to compare the influence of the PET values of multiple scenar-
ios within the footpaths of Melaka Heritage Town. The minimum PET value in the
case of all of the scenarioswas during the start of the survey and late afternoons. It can
be seen in Figs. 2, 3 and 4 that during data collection, the PET valuesmostly exceeded
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Table 3 Average of meteorological measurement during the survey

Scenarios Average

Ta (°C) RH (%) V (ms−1) Tmrt (°C) PET (°C)

Scenario II 35.43 54.91 0.88 36.31 33.76

Scenario III 31.08 69.37 0.85 44.26 34.92

Scenario IV 33.07 60.01 1.11 53.36 38.05

Scenario V 31.69 64.80 1.58 70.88 36.11

Scenario VI 31.9 62.21 0.68 44.91 36.23

Scenario VII 33.62 55.9 0.7 71 41.46

Fig. 2 PET in Scenario II and Scenario VI

the upper comfort range limit (26–30) in the case of a tropical climate [8]. Between
13:40 and 16:20 pm, whether the river width was 15 m or 18 m, the PET values
exceeded the preset limit to levels that are beyond discomfort to actual deprivation.
The values of the calculated PET in Scenario II (Fig. 2) where the pavement material
is bare red clay tile and river width is 18 m were moderately significant than that of
Scenarios III, VI, V, VI, and VII during the measurements. During measurements,
especially at noon, it is noticeable that the PET values of scenario III were closer
to the warm range slightly, even though it is physically located far from the Melaka
River with 15 m width condition. And moreover, sporting the same brick pavement
in the case of its pedestrian footpath, while lacking any operative screening from its
surrounding neighborhoods because of the cloudy weather. Scenario IV, which was
closer to Melaka River with 15 m of width, sports a brick pavement for its pedestrian
footpath, while also lacking any effective screening due to its surroundings. It was
near to the hot range at all times, as per this study. The values of the calculated
PET in Scenarios V and VI were under warm range than that of other scenarios
during the measurements. From Fig. 4, Scenario VII’s graph and average PET from
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Fig. 4 PET in Scenario V and Scenario VII

Table 3 show that it went up to 41.46 °C, implying a very hot weather from 12 pm
to 16:30 pm.

4 Discussion

Field measurements of the pedestrian footpath confirmed that light, laid bare on the
red clay tile pavement, renders the microclimate of the area more thermally com-
fortable during daytime. We utilized six scenarios in the context of the pavement
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materials, river widths, and distance from the river to observe its respective cor-
responding PET differences. The PET values of Scenarios III, IV, V, VI, and VII
exceeded that of the comfortable range, at slightly warm (34–38 °C) and very hot
(> 42 °C). Two situations were situated close to a waterbody where Scenarios II and
Scenario V were controlled by the river width of 18 m and 15 m and clay tile. Its
PET value range was, respectively, (30–34 °C) and (34–38 °C). Clay tile naturally
consists of transparent crystalline particles with directional anisotropic refractive
indices. Sameera et al. [13] posited that bare red clay tile can gain Near-Infrared
Radiation (NIR) in the case of high solar reflectance (capability to reflect sunlight)
and high thermal emittance (potentiality to radiate heat) to remain cool under the
sun. This pilot test confirmed that bare red clay pavement material of Scenario II that
is close to a sufficiently wide waterbody is the best scenario to maintain a slightly
warmer comfort range at the pedestrian levels in tropical climates.

5 Conclusions

The influence of each scenario on thermal comfort of pedestrians within the footpath
was elucidated in terms of the influence of the pavements’ characteristics upon the
thermal comfort of pedestrian footpaths.We focused on themicroclimatic conditions
due to its impact on human thermal comfort in open urban spaces. It is recommended
that in future studies, the different formsof the implementationofwaterbodyvia pave-
ment material considering the amount of vegetation in the case of urban landscape
for the mitigation of the urban heat island and stimulating outdoor thermal comfort
at pedestrian levels be investigated.

Acknowledgements The authors would like to thank the Malaysian Ministry of Higher
Education (MOHE) Research grant, under Fundamental Research Grant Scheme,
FRGS/1/2017/TK07/IUKL/01/1.

References

1. Aflaki A, Mahyuddin N, Manteghi G, Baharum MR (2014) Building height effects
on indoor air temperature and velocity in high rise residential buildings in tropical
climate, May. Retrieved from http://repository.um.edu.my/95168/1/BuildingHeightEffects
onIndoorAirTemperatureandVelocityinHighRiseResidentialBuildingsinTropicalClimate.pdf

2. Ali SB, Patnaik S (2018) Thermal comfort in urban open spaces: objective assessment and
subjective perception study in tropical city of Bhopal, India. Urban Clim 24(October):954–967.
https://doi.org/10.1016/j.uclim.2017.11.006

3. Chen X, Xue P, Liu L, Gao L, Liu J (2018) Outdoor thermal comfort and adaptation in severe
cold area: a longitudinal survey in Harbin. China Build Environ 143(73):548–560. https://doi.
org/10.1016/j.buildenv.2018.07.041

4. Höppe P (1999) The physiological equivalent temperature—a universal index for the biome-
teorological assessment of the thermal environment. Int J Biometeorol 43(2):71–75

http://repository.um.edu.my/95168/1/BuildingHeightEffectsonIndoorAirTemperatureandVelocityinHighRiseResidentialBuildingsinTropicalClimate.pdf
https://doi.org/10.1016/j.uclim.2017.11.006
https://doi.org/10.1016/j.buildenv.2018.07.041


8 G. Manteghi et al.

5. Kenawy I, ElKadi H (2018) The outdoor thermal benchmarks in Melbourne urban climate.
Sustain Cities Soc. https://doi.org/10.1016/j.scs.2018.09.004

6. Kim Y-J, Lee C, Kim J-H (2018) Sidewalk landscape structure and thermal conditions for
child and adult pedestrians. Int J Environ Res Public Health 15(1):148. https://doi.org/10.
3390/ijerph15010148

7. ManteghiG,LamitDH,AflakiA (2016)Envi-Met simulation on cooling effect ofMelakaRiver.
Eajournals.Org 4(2): 7–15. Retrieved from http://www.eajournals.org/wp-content/uploads/
Envi-Met-Simulation-on-Cooling-Effect-of-Melaka-River.pdf

8. Manteghi, G (2016) Street’s physical geometry and the cooling effect of waterbody of urban
micro-climate in tropical region. Universiti Teknologi Malaysia

9. Manteghi G, Mostofa T, Hanafi Z (2018) Microclimate field measurement in Melaka water-
bodies. Int J Eng Technol 7(4.28) (2018). Special Issue 28DO—10.14419/Ijet.V7i4.28.24745.
Retrieved from https://www.sciencepubco.com/index.php/ijet/article/view/24745

10. Manteghi, G, bin LamitH,OssenDR (2015) Influence of street orientation and distance towater
body onmicroclimate temperature distribution in tropical coastal city ofMalacca. International
Journal of Applied Environmental Sciences 10(2): 749–766

11. Nasrollahi N, Hatami Z, Taleghani M (2017) Development of outdoor thermal comfort model
for tourists in urban historical areas; A case study in Isfahan. Build Environ 125:356–372.
https://doi.org/10.1016/j.buildenv.2017.09.006

12. Nouri AS (2015) A framework of thermal sensitive urban design benchmarks: potentiating the
longevity of Auckland’s public realm. Buildings 5(1):252–281

13. Sameera S, Rao PP, Divya S, Raj AKV, Thara TRA (2017) High IR reflecting BiVO4-CaMoO4
based yellow pigments for cool roof applications. Energy Build 154:491–498. https://doi.org/
10.1016/j.enbuild.2017.08.089

14. Yang B, Olofsson T, Nair G, Kabanshi A (2017) Outdoor thermal comfort under subarctic
climate of north Sweden—a pilot study in Umeå. Sustain Cities Soc 28:387–397. https://doi.
org/10.1016/j.scs.2016.10.011

https://doi.org/10.1016/j.scs.2018.09.004
https://doi.org/10.3390/ijerph15010148
http://www.eajournals.org/wp-content/uploads/Envi-Met-Simulation-on-Cooling-Effect-of-Melaka-River.pdf
https://www.sciencepubco.com/index.php/ijet/article/view/24745
https://doi.org/10.1016/j.buildenv.2017.09.006
https://doi.org/10.1016/j.enbuild.2017.08.089
https://doi.org/10.1016/j.scs.2016.10.011


The Opportunities and Challenges
of Using Parametric Architectural Design
Tools to Design with Full-Culm Bamboo

Case Study: A Design for a Hyperbolic Paraboloid for
Gutter-Less Rainwater Capture Using Full-Culm
Bamboo

John Osmond Naylor

Abstract Tropical developing economies are some of the most vulnerable societies
to natural disasters, and by 2050, some 50% of the world’s population will live in the
tropics. Tropical developing economies already have a shortage of housing which
lacks structural quality, durability and is considered non-adequate. Tropical devel-
oping economies have an opportunity to utilise locally sourced lightweight natural
materials such as bamboo. Computational design processes save time, which allows
greater scrutiny of design options and the testing of various iterations. A challenge
is in the use of computational design tools with their great accuracy, and the natural
variability of full-culm bamboo. Architects will need to develop a synthesis between
their current computational design processes and materials with natural variability
such as bamboo in order to improve affordability, efficiency and ensure durability.
This paper presents such a synthesis, and discusses a case study of an algorithm
to generate a design for a hyperbolic paraboloid. This studies the capabilities of
commonly used architectural design software, and observes the efficiencies and lim-
itations of this process. The process embeds principles in the design which will
increase the durability and buildability of full-culm bamboo. If we can develop these
syntheses, as designers we can obtain tools which can increase the use of renewable
natural materials with variability such as bamboo, and begin to meet the need for
durable, functional and adequate housing in tropical developing economies.

Keywords Full-culm bamboo · Parametric design · Adequate housing ·
Sustainable development
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1 Introduction

Tropical developing economies are some of the most vulnerable societies to natural
disasters and by 2050, some 50% of the world’s population will live in the tropics [1].
Over one-quarter of the urban population of South East Asian tropical developing
economies reside in non-adequate housing [2–4]. The UN Sustainable Development
Goal 11 (SDG11) targets by 2030 the access for all to adequate, safe and affordable
housing, and suggests that the building of sustainable and resilient buildings utilising
local materials should be a catalyst for development [5]. Cement production is the
third-largest source of anthropogenic emissions of CO2 and could rise by 23% by
2050 given current trends [6]. Sand for construction is also being unsustainably
sourced which in the coming decades will affect the concrete supply chain [7, 8]. We
need to look at new sustainable, locally available natural materials for construction,
and architects will need to respond to this challenge and develop new processes
to work with natural materials which ensure structural integrity and affordability.
Tropical developing economies are large producers of bamboo [9], a material with
good tensile and compressive properties and a low carbon footprint when sourced
locally [10]. Bamboo can be worked with simple tools and can be grown locally on a
village scale or even a family scale [11]. Bamboo can also absorb CO2 and stabilise
slopes to tackle the effects of deforestation [12]. If we are to increase the use of
renewable materials, then we should look to non- or marginally engineered building
materials to ensure that the most affordable form of bamboo, ‘full-culm bamboo’,
(also named ‘round bamboo’) is used [13, 14] (Fig. 1b). Bamboo will degrade if
not designed or built correctly. Exposure to UV light and moisture can bleach, crack
and encourage fungal growth causing structural and aesthetic damage which impacts
greatly the perception of bamboo in the mind of potential end users, reinforcing a
notion of bamboo as temporary, or the ‘poor man’s timber’ [15].

In tropical developing economies, it is a reality that the architect will not design
the majority of housing [16]. The minimum construction materials are purchased,
and design and engineering input is often unaffordable. Architects can however be

Fig. 1 aCulm terminology, b full-culm bamboo, c bamboo splits, d example of engineered bamboo
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Fig. 2 Render illustrating
rain collection strategy of the
hyperbolic paraboloid

active in reducing the cost of design and raise awareness of good practices promot-
ing open-source designs of adequate housing which ensure structural and aesthetic
integrity [17, 18]. In order to reduce the cost of design, there have been moves by
architects to develop a greater synthesis between their current computational design
processes andmaterials with natural variability such as bamboo. The ZCBPavilion in
Hong Kong is one such example which pushes the boundaries of the design solution
space of bamboo architecture [19]. Computational design tools allow the architect to
visualise ideas and they can be modified and analysed interactively, though this mod-
ification can still be time-consuming. Parametric software allows us to build on this
process and specify relationships among parameters and instantly output versions
or iterations of a design, based on associative rules set by the designer [20]. Willis
and Woodward in 2005 suggest it will be impossible to achieve a direct correlation
between digital data and a constructed building. Some design parameters like mate-
rial flaws, grain directions and inconsistent densities will be difficult to anticipate
in modelling software. However, this gap between the building and the model will
continue to narrow [21]. The following is a case study which demonstrates the use of
an algorithm to generate a design for a small dwelling with a hyperbolic paraboloid
roof to be built of full-culm bamboo [22]. This is a roof form which follows a convex
curve about one axis and a concave curve about the other. It is practical, easily con-
structed from straight sections, and draws rainwater which falls on this roof, towards
the two lowest points, without the additional expense of guttering (Fig. 2). This algo-
rithm embeds certain design principles of building with full-culm bamboo, which
will increase the durability, material efficiency and buildability of this roof.

2 The Tools

In this process, two pieces of softwarewell known to the architectural profession have
been used, and emblematic of a set of tools which use a visual language environment.
Rhinoceros 3D [23] is a three-dimensional computer graphics and computer-aided
design software which uses non-uniform rational basis splines (NURBS) to build
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Fig. 3 a Example of nodes, inputs and outputs on the Grasshopper graphical algorithm editing
canvas; b a screenshot of the Rhinoceros 3D interface showing the polygonal outline which defines
the area for the surface to cover, and the hyperbolic paraboloid

geometry as opposed to a polygon mesh-based system. The second is Grasshopper
[24] which is a visual programming environment which runs within the Rhinoceros
3D platform. The main interface for algorithm design in Grasshopper is the node-
based editor.Algorithms are scriptedbydragging componentswith inputs andoutputs
onto a canvas (Fig. 3a).Acollectionof components forms an algorithm, and the output
of these commands is displayed in the Rhinoceros 3D window. The initial input
geometry can either be assigned from Rhinoceros 3D or generated in Grasshopper.
For this case study, a planar quadrilateral has been drawn in Rhinoceros 3D and
assigned as the starting geometry of the algorithm in Grasshopper, though this does
not have to be planar accepting the possibility of a sloping site. This algorithm will
then generate a hyperbolic paraboloid above this quadrilateral, to heights defined by
the user. The algorithm can respond to any quadrilateral site option to accommodate
the variability of sites. Characteristics of bamboo are considered in the algorithm to
improve the durability of bamboo and provide a practical means of constructing a
hyperbolic paraboloid as a roof using full-culm bamboo.

3 Negating the Natural Variability of Bamboo

Bamboo has natural variability which means that there are certain characteristics
of full-culm bamboo which are indeterminate. Two rational assumptions have been
made in the algorithm to negate effects of variability:

• The curvature of a bamboo culm: The bamboo culm is modelled as a straight
line, or a cylinder, as the bamboo culm for use in construction will be selected to
have a very negligible curvature. It is advised that any bamboo poles selected for
construction purposes will have 1% out-of-straightness limit [25].

• The tapering diameter of a bamboo culm: The diameter of the bamboo culm
input into the algorithm is a single value across the algorithm and therefore the
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design. In reality, a bamboo culm will have a diameter greater at the base than the
top. This is not taken into account in this algorithm as depending on the species
or specific plant the tapering can vary in extremity. When selecting the bamboo
culm to be used, it is for the architect to select the culm which tapers minimally.
Additionally, it is the middle section of the bamboo culm which should be used
for this application. The use of the middle section will reduce the maximum and
minimum diameter of the poles [26] and a decision has been made to discount this
in the algorithm.

The quadrilateral building footprint is drawn in Rhinoceros 3D as a ‘Closed poly-
line’. It is not required to be planar which accounts for the possibility that the sitemay
not be flat. This can reference a physical site or an isolated pre-determined quadri-
lateral shape defined by the needs of the brief which will consider the necessary
occupancy of the building. The algorithmwill generate a hyperbolic paraboloid from
this initial building footprint. The algorithm for generating the hyperbolic paraboloid
will extract the nodes at each corner of the quadrilateral, move the nodes vertically
(Z-axis) to a point defined by the user which corresponds to the intended peak and
eave heights of the roof and finally the ‘Surface from 4 points’ component generates
a hyperbolic paraboloid (Fig. 3b).

The roof will be constructed from straight bamboo poles with a series of longi-
tudinal (u) poles and a series of latitudinal (v) poles placed above (Fig. 5). Within
the algorithm, a new hyperbolic paraboloid is created from the generated surface by
using the ‘Offset Surface’ component. The distance of this offset is input into the
algorithm by the user and is the diameter of the bamboo poles to be used in con-
struction (d). Now there are two surfaces, a lower and an upper surface. Longitudinal
members (u) are extracted from the lower surface and latitudinal members (v) are
extracted from the upper surface (Fig. 4a). The offset of the roof is connected to the
diameter of the bamboo (d) to be used. This will save a lot of time for the designer
as this algorithm will adapt the design if alternative bamboo species, alternative sites
or new suppliers of bamboo are required.

Fig. 4 a Two surfaces, with the upper surface offset from the lower surface, with required edge
curves highlighted; b the 600 mm grid, with chosen node locations represented as points
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4 Designing for Durability and Buildability

The distance between each pole (k) in the roof grid is again set by the user which
can be determined by factors such as standardised widths of cladding materials or
building codes of the region. In this example, (k) is set at 600 mm. The lengths of
the opposite outer edges of both the longitudinal (u) and latitudinal (v) directions are
measured. The longer of these two lengths is then divided by this user input distance
(k). This will give the quantity of poles required to span the roof. The poles can
then be arrayed between the first and last poles with the ‘Tween Curve’ component
(Fig. 4b). This ensures that the distance between the poles in the roof grid will always
be less than or equal to this value (k), even if the quadrilateral plan is not orthogonal.
The algorithm can instantly update the design if the grid spacing needs to be altered.

The first and last poles of each series must align in plan with an edge of the
quadrilateral building footprint, so these poles can be attached to the top of the walls,
beams or columns. When attaching the bamboo poles, it is important to use bolts for
joints [27]. Each longitudinal (u) pole used in the roof structure will be bolted to the
latitudinal (v) poles placed above. The first and last bolts in each pole which connect
to a beam, or top of a wall, will need to respect the position of the nodes and be
bolted on the internal side of a node (Fig. 5). It is important to place the connection
in a bamboo structure in such a way that a connection is made either at a node or as
near to a node as possible [11]. The algorithm projects a point on each longitudinal
(u) and latitudinal (v) line in the roof grid which represents the pole, aligned with the
edge of the quadrilateral footprint. The algorithm then translates this point outwards
at either end of the line by a numeric value set by the user (Fig. 4b). This distance
represents the desired position of the node relative to the desired bolt location. This
should be roughly 2.5–5 cm. Each longitudinal (u) and latitudinal (v) member in the
roof now has two points at either end of the line representing the first and last node
placements. A measurement can be taken in the algorithm. This will tell the user the
required distance between the first and last nodes which will be useful information
when selecting the specific poles to use for each roof member.

The hyperbolic paraboloid covers the plan of the initial outline (Fig. 3b). A major
issue for durability is that bamboo must be kept out of sunlight, and excess moisture
and rain must be avoided [28]. The roof has an important role to play in protecting
the bamboo used in the structure from driving rain and a large roof overhang is often

Fig. 5 Locations of bolt
connections (A) to the beam,
adjacent to a node (B) on the
internal side
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required to shelter the walls and structure. The algorithm is designed to extend each
line in the roof grid, by a length which is the height above the ground plane of the
roof at that location, divided by a constant value (c) (Fig. 6). The constant value (c)
defines this proportion. This is a balance between the maximum angle of the driving
rain and the likely exposure the overhang will have to tropical cyclones for that site,
following input from a structural engineer.

Once the lines representing the roof members have been extended (Fig. 7a), the
lengths of each pole can bemeasured (Fig. 8). This gives the user the ability to review
this information against the material availability and logistical practicalities. Using

Fig. 6 The relationship between the peak and eave heights, and the roof overhang

Fig. 7 The model of the roof grid: a as lines in perspective view; b as 3D volumes to represent the
pole diameter in plan

Fig. 8 Grasshopper
algorithm screenshot
showing: lengths in cm of all
the poles and lengths
between the first and last
nodes to be bolted on each
member, in the latitudinal (v)
direction
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the ‘Pipe’ component, the line which has represented the pole to this stage in the
algorithm will generate a 3D volume which visually represents how the pole will
appear (Fig. 7b). The input value of the diameter (d) is linked to the input which as
discussed in Sect. 3 is also the value which was used as the offset of the roof grid.
Therefore, when the user alters the value of the diameter of bamboo (d) to be used,
the offset of the latitudinal (v) members will also raise simultaneously.

The output from the algorithm includes the following:

• The quantity of poles required to generate the surface.
• The lengths of bamboo poles, rounded to the nearest cm (Fig. 8). This can assist
the designer or builder in determining the availability of bamboo culms, the limits
of transportation to site and the cut lengths.

• The required distances between first and last nodes for each pole, which will be
useful when selecting poles to be used for specific roof members.

• Visual output of the massing in order to view the form in 3D.
• NURBS geometry output which can be used to produce diagrams, drawings and
rapid prototyping.

• Locations of connections where bolts may be placed. These measurements can
then be used to mark out the poles prior to construction to prevent having to
drill in situ which can be more dangerous to construction teams, than a workshop
environment.

5 Discussion

The opportunities that processes such as these provide, allow architects to interact
more closely between their computational design tools and materials with natural
variability such as bamboo. However, there will always be a gap between digital
and real-world environments [21]. The challenges of these tools and this process are
seen in the negation of properties of bamboo. Characteristics such as the tapering
of the diameter and natural curvature of the bamboo culm could have structural
and architectural significance which sadly is not taken advantage of through this
process. Future developments in this field can find ways to include these as well
as the input of the mechanical properties of bamboo within Grasshopper through
live physics and parametric structural engineering plug-ins to perform preliminary
structural analysis. Overseen by a structural engineer, this can create interactive
simulation, form-finding, and can further optimise the design to increase resilience
to tropical cyclones. This presents the opportunity to also optimise the quantity
of bamboo required for structural performance, and can also enfranchise species
of bamboo currently available but unused for construction. This would however
require the mechanical testing on these species to gain the input data. Questions
then arise into the variability of the structural properties of bamboo even within a
species, and how these variabilities are also considered in a computational design
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process. Given the lack of competence or literacy available in construction industries
in developing economies, communicating accuracy on which the aesthetic appeal,
long-term durability and structural integrity may depend can be problematic at best.
A further challenge of this process is in the translation from design to construction,
and therefore such a computational process may need to add robustness or margin
of error into the design to compensate.

6 Conclusion

The efficiencies of the process are numerous. The algorithm embraces many quadri-
lateral plot shapes, and instantly amends the roof design to improve durability, simul-
taneously updatingmaterial lengths and quantities allowing instant evaluation against
practical constraints such as material availability and budget. Processes such as these
can give architects an ability to improve the durability of bamboo in their designs
and save time and money for those who need resilient, sustainable buildings. If we
are to succeed in reducing the global population living in non-adequate housing and
achieve SDG11 by 2030 to provide access for all to, adequate, safe and affordable
housing, then architects will need to more greatly align their current tools, to design
with, and be vocal activists for sustainable, locally sourced, natural materials.
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The Effect of Grouting Material
to the Compressive Strength
and Modulus of Elasticity of the Biaxial
Interlocking Block Prisms

Fauziah Aziz, Mohd. Fadzil Arshad and Hazrina Mansor

Abstract This paper aims to investigate and evaluate the influence of the grouting
material as a reinforced method and thin layer connection binder on the prism’s
compressive strength behavior as a load-bearing member. The test specimens consist
of Biaxial Interlocking block (BIB) prisms, namely, G1 andG2. G1 is a prism sample
constructed without grouting material, but with thin layer connection binder, while
G2 is a prism stacked with thin layer mortar filled in with grouting material inside
the grooves. A series of test, on raw materials and the masonry constituent, such
as block unit, thin layer mortar, and grouting material. Based on the data obtained,
results present that the G2 sample produces higher compressive strength compared
to G1 at a significant level. The results also showed that modulus of elasticity (MOE)
of G2 is higher than G1. As a result, it shows that groutingmaterial plays a significant
role in enhancing the compressive strength of the masonry structures.

Keywords Compressive resistance · Biaxial interlocking concrete block ·
Grouting prisms · Thin layer connection binder

1 Introduction

Masonry is the oldest construction method in the world with composite and complex
material, inwhich solid, hollowblocks, or interlocking concrete blockwith orwithout
mortar are used. Its simplest arrangement formed by blocks joined together bymortar
or without mortar is the main reason for the success of masonry project. But, the
capacity and behavior of masonry, however, are neither that of the block nor of the
mortar [1].

Generally, there are several types of masonry units used in masonry construction,
such as clay brick, cement brick, and concrete block. Among these, cement brick is
themost popularmaterial used in building construction.However, due to itsweakness
such as the compressive strength of the cement bricks, requirement of skilled worker
during assembling, and increasing the time of construction, concrete block become as
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a new alternative masonry unit for industry player. Concrete block is divided into two
categories, a solid block and hollow block. Despite all these, interlocking concrete
block in hollow block category, also known as dry-stack system and mortarless
system, is a new innovation to replace the function of solid blocks in terms of reducing
the dead load by numbers of void, but, with high compressive strength, as well as
reducing the required unskilled labor, reducing the construction time, and decreasing
the effects of workmanship. Dry-stack system or mortarless is a method of masonry
wall constructionwithoutmortar application in bed andhead joints [2–4]. This system
reacts through interlock to lead the masonry unit, connected tightly, to be an entire
system [5]. Therefore, this system requires to be filled in with grouting material in
the groove areas to react as a load-bearing wall application.

According to [6], the grouted process that involves the combination of cement
and sand is a well-known method to enhance the capacity of structural elements.
It is supported by [2], in which it has been mentioned that a mortarless system
should be grouted to increase its performance as a load-bearing wall. Furthermore,
[7] described that groutingmaterial is a combination of cement, aggregates, andwater
mixed together to fill the hollow to enhance their capability under compression load.

Besides that, [8] agreed that enhancement of the structural capacity of the wall
system could be achieved by increasing the volumetric ratio of the grouted area.
Furthermore, [9] in their research found out that the insertion of grouting material in
the hollow concrete walls increased about 80% of the resistance capacity. In other
words, the effort to improve the load-bearing capacity of the walls is a good method
to enhance their capability to resist the load [10].

There are several factors influencing the mechanical properties of masonry walls
such as mechanical properties of masonry unit, the thickness of bed joints and head
joints, andmechanical properties ofmortar joints [11].However, in this dry-stack sys-
tem, there is no mortar application in bed and head joints. The compressive strength
of a masonry wall strictly depends on the masonry unit and interlocking system.
The literature also indicates that mortar strength not much reflects on the masonry
strength. Apart from that, to enhance the capability of the prisms, the effect of the
grouted and interlocking system was also counted. Regarding [11], the compressive
strength of hollow CS block masonry depends on the mortar strength in bed joint,
joint thickness, form of a block, the volume of voids, and arrangement of voids.

Based on EN 1996-1-1, characteristic compressive strength f k of concrete
masonry made with thin layer mortar, in bed joints of thickness 0.5–3 mm, may
be obtained from either results of tests by EN 1052-1 or equation: f k = K f 0.85b .
From the equation, it has been shown that the characteristic strength of a block is
most influenced by the characteristic strength of the masonry wall. Research con-
ducted by [12] on 31 different types of blocks found out that the calculation of the
characteristic compressive strength of the thin joint hollow concrete masonry made
with dense or lightweight aggregates, proposed by EC6, depends only on the capacity
of the block.

A part of the masonry unit strength or the strength of mortar plays an important
role in developing a compressive strength of dry-stack masonry wall and the strength
of grouting material, and connection binder cannot be neglected [1].
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This study aims to investigate the capacity of biaxial interlocking block system
as a load-bearing wall under compression load, mainly on the compressive strength
of the block, the compressive strength of grouting material, and the compressive
strength of thin layer connection mortar.

2 Experimental Program

2.1 Material Properties

Materials used in this study are biaxial interlocking block, sand, cement, water, and
cement glue. The details of the materials used are discussed as follows.

2.2 Biaxial Interlocking Concrete Block (BIPB)

Interlocking concrete block, namely, Biaxial Interlocking Block (BIB) is a block
produced and supplied by Innovative Precast Builder Sdn.Bhd. The dimensions of
the BIB unit are shown in Fig. 1.

This BIB unit is 700× 100× 150mm in size, which consists of seven (7) numbers
of grooves. For this research, 40 units of IPB were involved in their physical and
mechanical properties. The number of blocks required for the testing is given in
Table 1. Out of 40 units, 20 units are grouped as a hollow unit and 20 units as a
grouted.

700mm100mm

150mm

(a) (b)

Fig. 1 a and b Dimensions of the innovative precast block unit
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Table 1 Numbers of BIB unit samples

BIB sample No. of sample Type of testing

Hollow unit 10 Compressive strength test/modulus of elasticity

10 Density test/dimension check

Grouted unit 10 Compressive strength test/modulus of elasticity

10 Density test/dimension check

2.3 Grouting Material

In this study, the grouting material was used as a reinforced method to enhance
the capability of the block. Besides that, to comply with the Malaysian standard
requirements for a load-bearing wall during construction, the grooves should be
infilled. For the grouting process, it involves themixture of ordinary Portland cement,
sand, and water. The mix proportion of this material is shown in Table 2.

Grouting material design mix was as shown above. Based on [13], the design mix
is 1:3 with 0.5 water–cement ratio which produced enough compressive strength to
fill in the grooves. Meanwhile, the chemical compositions of OPC Type 1 are shown
in Table 3.

Table 2 Design mix of grouting material

Design mix Cement Aggregates Water/cement ratio (w/c)

1:3 Ordinary Portland cement Sand 0.5

Table 3 Chemical compositions for ordinary Portland cement

Chemical compositions %

CaO 63.00

SiO2 20.00

Al2O3 5.70

MgO 0.99

Fe2O3 2.90

SO3 3.55

K2O 3.50

LOI 2.8
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Table 4 Compositions of super adhesive

Compositions %

OPC 40

Silica sand 50

Calcium carbonate 7

Redispersible polymer powder 2

MHEC cellulose 0.5

Calcium formate 0.5

Table 5 Super adhesive properties

Type of material Tensile adhesion strength Shear adhesion strength

Master super adhesive for ceramic and
marble

840 N 14.80 kN

Table 6 Design mix of thin layer connection binder material

Design mix Cement/super adhesive Water/cement ratio (w/c)

1:2 (connection binder) (1) OPC (2) Super adhesive 0.5

2.4 Thin Layer Mortar

In this research, cement glue was used as a thin layer mortar between the BIB units
during the construction of prisms. The properties of super adhesive material are
shown in Table 4.

Meanwhile, the mechanical properties of the super adhesive material are shown
in Table 5. This product is produced by Italtech Sdn.Bhd.

Besides that, the thin layer mortar mixed design is 1:2 ratio with water–cement
ratio of 0.5. One part of ordinary Portland cement Type 1 combined with two parts
of super adhesive material is shown in Table 6.

2.5 Sample Preparation

The experimental program involved the preparation of BIB unit sample for determi-
nation of its mechanical properties and the preparation of cube sample for grouting
material and thin layer mortar properties. The samples were divided into two groups
as hollow and grouted, as shown in Table 7 and Fig. 2. The experimental program
involved the preparation of cube sample for determination of the mechanical prop-
erties of the grouting material and thin layer mortar. The mortar mix and thin layer
mortar were prepared to achieve the required strength stated in Eurocode 6 Design
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Table 7 Numbers of BIB units for testing

BIB No. of sample Type of testing Standard compliance

Hollow and grouted unit 20 Compressive strength
test/modulus of
elasticity

MS 1933-1-2017:
Methods of test for
masonry units—Part 1:
Determination of
compressive strength

20 Density test MS 1933-13-2007:
Methods of test for
masonry units—Part
13: Determination of
net and gross dry
density of masonry
units (except for natural
stone)

Fig. 2 a Hollow BIPB unit, b grouted BIPB unit

of Masonry. Twelve (12) numbers of cubes with sample sizes of 150 × 150 × 150
and 50 × 50 × 50mm were prepared in the concrete laboratory. The samples were
cured by immersing in water for 7 and 28 days of age. Meanwhile, six (6) numbers of
the grouted interlocking hollow block were tested to certify the Malaysian Standard
MS 1933-1-2007, compressive strength of the unit. Blocks were cut and ground for
surface preparation and capped on top and bottom to reproduce the same contact area
to simulate the actual compression state of the block in the masonry. The evaluation
of the grouting material and thin layer mortar compressive strength was carried out
based on BS EN 1015-11.

Meanwhile, for BIB prisms, the total numbers of six (6) prisms were prepared for
testing. There are hollow prisms and grouted prisms. The details of the prisms are
shown in Table 8. The masonry prisms were constructed with interlocking concrete
units of seven grooves in the stack bond and prism’s production steps are shown in
Fig. 3. Face shell bedded joint was used at bed joint layer. The connection binder
thickness is about 2mm for the bed joint. After 24 h, three of the prismswere concrete
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Table 8 Sample preparation for prisms

Size of the sample (mm) Sample No. of sample Standard compliance

700 × 100 × 450 Hollow prisms + thin
layer mortar (G1)

3 MS 1934-1:2007
(confirmed 2014)
Method of test for
masonry-part 1:
Determination of
compressive strength

Hollow prisms +
grouted material + thin
layer mortar (G2)

3

Fig. 3 a, b, and c Preparation of prism samples

infilled. All the prisms were kept immobile until the age of 28 days, protected from
the sun and wind.
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2.6 Testing Procedures

The testing procedures involved grouting material, thin layer connection binder, BIB
unit, and BIB prisms in compliance with Malaysian standard and British standard.

2.6.1 Compressive Strength and Density of Grouting Material

The compressive strength of mortar was determined by using 50 mm cubes as per
ASTMC109/C109M—StandardTestMethod forCompressiveStrengthofHydraulic
Cement Mortars. The test was conducted for six (6) cubes and reported the average
value as the test result for both 7-day and 28-day compressive strength.

2.6.2 Compressive Strength of Thin Layer Mortar

The compressive strength of thin layer connection binder is determined by using
50 mm cubes as per ASTM C91/C91M—Standard Specification for masonry
cement together with ASTMC109/C109M—Standard TestMethod for Compressive
Strength of Hydraulic Cement Mortars. The test was conducted for six (6) cubes and
reported the average value as the test result for both 7-day and 28-day compressive
strength.

2.6.3 Density Test of BIB Unit

All the samples will follow the MS 1933-13-2007: Methods of test for masonry
units—Part 13: Determination of net and gross dry density of masonry units (except
for natural stone). A total of 20 units of BIBs as hollow or grouted were used to
determine the net and gross density of masonry units. For whole unit specimens,
specimens were dried to constant mass, in a ventilated oven at a temperature of 70
± 5 °C. Constant mass is reached, if during the drying process in two subsequent
weighing with a 24-h interval, the loss in mass between the two determinations is
not more than 0.2% of the total mass.

2.6.4 Compressive Strength Test of BIB Unit

All the samples will follow MS 1934-1:2007(confirmed 2014) method of test for
masonry—part 1: Determination of compressive strength. A minimum number of
samples required are six (6) per 1000 consignment. First, immerse the specimens in
water at a temperature of 20± 5 °C for a minimum period of 15 h and subsequently
allow them to drain for 15–20 min. According to clause 7.4.2, where the net loaded
area of masonry units with a frog, which is intended to be filled with mortar in
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practice (see also 7.2.3), is not less than 35% of the gross area, then the compressive
strength shall be calculated on the basis of the net loaded surface of the frogged bed
face. Where the net loaded area of masonry units with a frog is less than 35% of the
gross area, then the compressive strength shall be calculated on the basis of the gross
area of the masonry unit.

2.6.5 Compressive Strength Test of Prisms

The scope of the masonry evaluation on prisms is to investigate and determine the
characteristic compressive strength (f k) according to European Standard test method
stated inBSEN1052-1. In this study, threemasonry prismswere constructed for each
case, i.e., interlocking each unit with thin layer mortar at their bed and head joints
and putting a grouting material as a reinforced method. These tests were performed
to evaluate and better understand the behavior of the prisms subjected to the static
compressive load. The prisms were tested after 28 days of their construction. A
metallic beam was installed on top of the prism’s surfaces to distribute the force
applied to the uniformly distributed load. The load is applied constantly at 0.08 mm/s
and directly measured by the load cells of the press. Displacement transducer strain
gages with 100 mm of rated capacity were fixed on the center of the sample. They
were able to measure the displacement in the vertical and horizontal directions. The
modulus of elasticity of each prism was calculated in the range corresponding to the
secant curve between 5 and 30% of its actual compressive strength.

2.7 Determination of fk Value and Modulus of Elasticity
(MOE)

The characteristic compressive strength of masonry f k then was determined
according to EN 1052-1 as a greater value between the following:

• min (f /1.2; f min),
• 5% fractile value based on a confidence interval of 95%,

fi = Fi,max

Ai
(1)

where f min is the lowest individual result of the three (3) prism specimens and f is
the mean strength of the three (3) prism specimens.

Meanwhile, MOE value can be calculated using the formula given below:

Ei = Fi,max

3xεi x Ai
(2)
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Fig. 4 Comparison of the
density value for BIPB
blocks and prisms
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3 Results and Discussion

3.1 Density Value of the Sample

Figure 4 presents the density value of hollow BIB units, grouted BIB units, G1
prisms, and G2 prisms. From the figure, it is shown that the density value of hollow
BIB units is 2059 kg/m3, grouted BIB units is 2200 kg/m3, G1 prisms is 2059 kg/m3,
while G2 prisms is 2200 kg/m3.

From the figure, it is found that the density of grouted BIB units and prisms is
higher than the others. The higher value density of grouted BIB units and prisms
might be due to the effect of grouting material that fills in the groove area of the BIB
units. It is also regarding the mix ratio used. Based on [14], the solid block’s weights
are higher than those of hollow blocks which lead to higher density. Besides that,
[15] found out that the decrease in weight can be explained by the Law of Mixtures.
The weight of a sample influences the density of the sample as found out by [16]. As
a conclusion, the density of the sample will be influenced by the future application
of the block (Table 9).

3.2 Compressive Strength of the Prisms Sample

Figure 5a, b presents the compressive strength of hollow BIB, grouted BIB, G1
prisms, and G2 prisms. From the figure, it is shown that the compressive strength of
a hollow BIB is 19.8 N/mm2, grouted BIB is 23.7 N/mm2, G1 prisms is 9.7 N/mm2,
while G2 is 10.6 N/mm2. From the figure, it is found that the compressive strength of
grouted BIB is higher than hollow BIB unit. Meanwhile, G1 prisms produced lower
compressive resistance than G2 sample. Regarding [17], their study showed that the
grout bond strength is improved with the decrease of the water/cement ratio. The
compressive strength of the grouted BIB is higher than the hollow unit and might
be due to the effect of grouting material compressive strength when reacting with
the hollow block. A study conducted by [18] mentioned that the voids number of a
block unit significantly affects the compressive strength value.
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Table 9 The compressive strength of the hollow and grouted prisms

Compressive strength (N/mm2),
f i

The characteristic compressive
strength of masonry (f k)

Experimental

Hollow prisms (G1) 9.68

G1-1(f i) 11.84

G1-2(f i) 12.02

G1-3(f i) 11.00

f i, min 11.00

f 11.62

Grouted prisms (G2) 10.6

G2-1(f i) 14.10

G2-2(f i) 12.00

G3-3(f i) 12.10

f i, min 12.00

f 12.72

MOE (Ei)

Hollow prisms 11700 N/mm2

Grouted prisms 16509 N/mm2

The results of the characteristic compressive strength (f k) of the tested prisms
have shown the reduction between G1 prisms and G2 prisms. It is due to the effect
of grouting material as an enhancement agent of the compressive strength of the
block unit. Based on [7], it was found that the compressive strength of grout/mortar
is related to the behavior of prisms in a linear direction. The compressive strength of
the G2 prisms was higher than that of the G1 prisms due to the compressive strength
of the grout, occupying 51%of the gross area, whichwasmuch higher than that of the
outer shell (hollow prisms) [19]. Furthermore, the effect of a thin layer mortar at head
and bed joints also plays a significant effect to the compressive resistance. The study
carried out by [11] shows that the compressive resistance of hollow prisms depends
not only on the mortar strength in bed joint and joint thickness but also on the form
of a block, the volume of holes, and arrangement of holes. The results of the study by
[7] showed the importance of achieving compatibility of the masonry components,
in order to improve the performance of the masonry structure. Furthermore, [20]
found that the compressive strength of the grouted prisms is increased by about 50%
compared to hollow prism compressive resistance.
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Fig. 5 a The compressive
strength of the BIB unit at
28-day b the characteristic
compressive resistance of the
BIB prisms
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3.3 Modulus of Elasticity of the Samples

Modulus of elasticity (MOE) of the unit was obtained by testing BIB unit under axial
load, and reading by strain gage in the vertical direction, while MOE of prisms was
calculated from the testing of compressive strength. The grouted BIB unit is having
23404 N/mm2, while hollow BIB is having 20659 N/mm2. Meanwhile, G1 prisms
are having 11700 N/mm2 and G2 prisms are having 16509 N/mm2. From Fig. 6,
it is found that grouted BIB units have higher MOE than others. The higher MOE
might be due to the higher density and compressive strength of the sample found in
Fig. 1. It is supported by [21] that static modulus of elasticity has linear correlation
with the cube compressive strength. Besides that, [22] stated that the relationship
between elastic modulus and compressive strength of masonry is linearly related.
Furthermore, [23] claimed that concrete material is harder than clay brick that leads
to the higher modulus of elasticity.
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Fig. 6 Modulus of elasticity
of the samples
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4 Conclusion

This paper presented a comprehensive experimental program with the objective of
assessing the compressive strength of hollow prisms and grouted prisms. Nominal
resistance of blocks was 23.7 N/mm2 with the grouting material produced with
shrinkage-compensating admixture. Prisms’s compressive strength was evaluated
considering the compressive strength of blocks, the thin layer mortar bedding type,
and the compressive strength of grouting material as an enhancement method. The
main conclusions of the research presented here are as follows:

a. The control prisms constructed with thin layer mortar but without grouting
material showed the lowest compressive resistance.

b. All the G2 prisms showed a significant increment in compressive strength
compared to G1 prisms.

c. The modulus of elasticity shows a significant linear correlation with the
compressive strength and density of the sample.

d. Experimental results show a significant result of increment in compressive
strength of prisms due to the enhancement method compared to the dry-stack
system.
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Effect of Soil Hydraulic Properties
on Infiltration of Rainwater
into Unsaturated Soil

Aniza Ibrahim and Muhammad Mukhlisin

Abstract Infiltration of rainwater is a major reason for soil instability in Malaysia.
Rainfall event, especially in a tropical country is considered to have high intensity
and long duration which will change parameters such as pore water pressure and
moisture content. The rate of infiltration depends on the basic soil properties and
hydraulic properties. In this paper, the effect of soil hydraulic properties on the infil-
tration of rainwater is discussed. There are two types of soil used in this study, sandy
soil and kaolin. Hydraulic properties such as hydraulic conductivity and soil water
characteristic curve (SWCC) are defined for both types of soil. Then soil column
apparatus with applied rainfall to the column is used to determine moisture content
using time-domain reflectometry (TDR). The result shows that kaolin has more abil-
ity to withstand the water than sand. Kaolin soil has lower hydraulic conductivity
value compared to sand soil. Other than that, volumetric moisture content value is
increased when water flow is applied to the soil and decreased when flow is stopped,
or during drying process.

Keyword Infiltration · Soil hydraulic properties · Soil column · Unsaturated soil ·
Rainfall intensity

1 Introduction

Rainfall is the main cause of soil instability in Malaysia. As a tropical country,
Malaysia has prolonged and high intensity of rainfall which causes the reduction of
soil matric suction [2, 4]. In addition, the rainfall will increase moisture content of
the soil and affect the behavior of soil. Furthermore, the hydrological changes of pre-
cipitation, infiltration, evaporation, and transpiration will also definitely change soil
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behavior [7]. Rainfall-induced soil slope failures were studied by various researchers
and the main cause is the reduction of soil strength due to rainfall infiltration [6].

Understanding the hydraulic–mechanical behavior of the unsaturated soil is vital
in ensuring appropriate engineering design. It is also important in applying unsatu-
rated soil mechanics in engineering practice. There are two important parameters for
hydraulic properties, hydraulic conductivity and soil water retention, which normally
represents the relationship between soil water content and soil water suction.

SWCC is defined as relationship betweenwater content and suction in unsaturated
soils [5]. The parameters, such as soil suction and water content, control the perme-
ability, volume change, deformability, and shear strength. There are two paths that
can be used in obtaining SWCC: drying (desorption) and wetting (adsorption) [3].
A typical adsorption and desorption SWCC are shown in Fig. 1. The desorption of
SWCC is measured by saturating the soil sample first, then applying the air pressure
in a series of increments to attain different values of matric suction. The increment
of pressure is applied to expel water from the specimen until an equilibrium state is
reached. The water content of a soil decreases as its suction increases following the
drying path or reverse process occurrence in the wetting path [1].

The permeability coefficient, k, is defined as the ability of the soil to drain water.
Coarse grain has high hydraulic conductivity compared to fine grains when saturated.
Fine-grained soil can withstand more water under high suction; therefore, the coef-
ficients of permeability are usually smaller than coarse-grained soil. The value of
hydraulic conductivity of soil changes according to soil type. The value of hydraulic
conductivity depends on the size of the soil granule, the soil matrix structure, the
type of fluid in the soil, and the degree of saturation of the soil. For soil matrix, it
depends on the size distribution of the pore size, pore shape, and porosity, while for
the fluid, it depends on the density and viscosity of the fluid.

The objective of this paper is to study the effect of soil hydraulic properties to
the unsaturated soil behavior due to rainfall. Using the instrumentations, moisture

Fig. 1 Typical absorption and desorption of SWCC [3]



Effect of Soil Hydraulic Properties … 35

content will be attained. There were two tests in this experiment, and both results are
presented and compared.

2 Materials and Methods

2.1 Materials

Two types of soil were tested in the experiment, sandy soil and kaolin, which were
commercially obtained.

2.2 Experiment Setup

Undisturbed samples were used in the experiments. The experiment apparatuses
include pressure plate extractor, constant head permeability, and soil column.

2.2.1 Basic Physical Properties

Basic soil properties, such as soil moisture content, bulk density, porosity, and water
retention ability, were investigated in this research.

2.2.2 Pressure Plate Extractor Test (PPE)

The SWCC was determined in accordance with ASTM D6836-02 for determination
of soil water characteristic curve for pressure extractor. The experiment is using 2
pressure chambers, a 5 bar, and a 10 bar with 20 bar air compressors and saturated
ceramic plates. After samples were saturated for 24 h, the samples were placed on
the saturated ceramic plate. The ceramic plate is attached to the water tube for water
drainage while samples are on pressure (refer to Fig. 3). Then, lid of the chamber is
closed and pressure is applied to the chamber and samples. After having last pressure
applied to the samples, the samples are oven dried for 24 h and weighed again. In
this test, the range of pressure applied to the samples is from 0 to 15 bar.

2.2.3 Constant Head Permeability

In this study, saturated hydraulic conductivity is determined by the constant head
permeability method, in accordance with the procedures outlined by ASTM D2434-
68 (2006). This method is chosen due to the vertical one-dimensional head that can
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be produced as soil column apparatus. The sample of soil in the mold is soaked
into water to reach the saturation point for 24 h. The bottom of the sample is then
wrapped with nylon cloth to prevent the movement of the soil from the mold during
the experiment.

2.2.4 Infiltration Experiment

Experiment of infiltration was prepared by using soil column as a main apparatus
and it was supported by other equipments, such as water supply and effluent system.
5 ft high and 8 in. diameter transparent acrylic cylinder soil column was used as
shown in Fig. 2. In this experiment, volumetric water content and pore water pressure
were measured using time-domain reflectometry (TDR) system and tensiometers,
respectively. All collected data were logged to data acquisition system and retrieved

Water tank Tensiometer Data LoggerTDR Data logger Effluent tank

TDR

Flow regulator

Soil Column

Rainfall simulator

Plastic plat
Gravel

1 m

Fig. 2 Schematic diagram of soil column apparatus
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Table 1 Experiment
schedule for rainfall intensity
and duration

No. Sample no. Rainfall duration
(hours)

Rainfall intensity
(mm/hr)

1 RS11,RK11 3 18.54

RS12,RK12 6

RS13,RK13 12

RS14,RK14 24

2 RS21,RK21 3 3.48

RS22,RK22 6

RS23,RK23 12

RS24,RK24 24

through personal computer attached to the loggers. In this study, infiltration tests
were designed to meet the objectives mentioned earlier, which are shown in Table 1.

3 Results and Discussions

3.1 Soil Basic Properties

The results of the soil properties are summarized in Table 2.

3.2 Soil Hydraulic Properties

3.2.1 Hydraulic Conductivity (K)

Result obtained in Fig. 3 and Table 1 shows that hydraulic conductivity for sandy
soil is higher than kaolin.

3.2.2 SWCC

Figure 3 (a) and (b) shows the result of SWCC presented by the curve obtained. It is
indicated that decreasing the water for sand is more rapid than kaolin, which shows
water retention ability of sand is lower than the kaolin. The parameters of volumetric
saturated moisture content and volumetric residual moisture content are higher for
kaolin than sandy soil (Table 1).
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Table 2 Basic properties of the soils

Parameter Unit Sandy soil Kaolin

Atterberg limit

Plastic limit % – 31.9

Liquid limit % – 56

Plasticity index % – 24

Soil composition

Gravel % 0.1 0

Sand % 97.5 4.3

Silt % 2.4 40

Clay % 0.1 55.7

Soil classification SP MH

Poorly graded sand Sandy elastic silt

Bulk density (ρb) kg/m3 1392 1106

Porosity (e) 0.47 0.58

Moisture content % 0.10 0.37

Volumetric saturated moisture content, θs 0.07 0.48

Volumetric residual moisture content, θr
Saturated hydraulic conductivity, Ksat

m/s 1.79 × 10−7

1.14 × 10−3
2 × 10−6

2.1 × 10−6

3.3 Infiltration Result

3.3.1 Sandy Sand

Result shows that moisture content value varies for all parts of columns as each
time rainwater applied into soil column for intensity number 1. Wetting at the initial
stage of soil column leads to the rapid increment of moisture content when RS11 is
performed. The value is stable throughout the remaining wetting process.

Nevertheless, after RS11 was stopped, moisture content was progressively
declined during the drying process. Moisture content of the soil will start increasing
again for each time RS12, RS13, and RS14 are applied and it decreases during drying
process. Result of intensity number 2 applied to the soil shows the same pattern as
intensity number 1 for all samples. For location comparisons, the value at the top has
significant changes followed by the center and bottom.

3.3.2 Kaolin

Figure 4 shows that the value increment for moisture content started from the top
section, followed by the middle and lower section of column, respectively, for RK13,
RK14, and RK23 rainfall. For intensity 1, the result distribution shows that after
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Fig. 3 Result of
(a) Hydraulic conductivity,
and (b) SWCC
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RK12, the value of the top reaches the highest value. However, after RK13, the
value in the middle continues to decline, followed by the upper and lower levels.
Indefinable changes occurred for all sections of RK14 up to RK22. However, the
value continues to experience the lowest value, followed by the bottom and the top.
Change in value can be seen after RK24, and during drying process, the center value
is the lowest followed by the bottom and the top. RK12 changed only after 12 h of
rain on the top and middle of the soil column.
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Fig. 4 Result of moisture content for silty sand and kaolin from infiltration test

4 Conclusion

For the SWCC results, the highest degree of saturation content obtained is kaolin,
followed by sandy soil. These results show that kaolin has the ability to withstand
water more than sand. Whereas for hydraulic conductivity values, kaolin soil has the
lowest hydraulic conductivity value compared to sand soil. This indicates that the
soil with smaller particles has a smaller water permeability value. Volume moisture
content increases when water flow is applied to the soil and decreases during drying
process. It was found that the middle part had the highest value of moisture content
for both soils, while the value of the top had the lowest moisture content for both
soils.
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Effect of Crumb Rubber Particles
on the Properties of Asphalt

Ahmed Salama Eltwati, Amir Hossein and Danil Nasr

Abstract The practice of crumb rubber derived from scrap tires to modify the
mechanical properties of bituminous mixtures has become increasingly important
in road engineering. In recent years, much research has been devoted to the influ-
ence of this waste material on pavement performance. This paper aims to address
the influence of crumb rubber (CR) polymers on the performance of asphalt pave-
ments. Thus, asphalt mixtures with varying percentages of CR mixed by the wet
process were tested. The statistical analysis revealed that crumb rubber significantly
increased the stiffness modulus, rutting resistance, and pavement resistance to mois-
ture damage. The study concludes that an addition of 20% to 24% of crumb rubber
modifiers to conventional asphalt mixture yields the most satisfactory results among
other percentages of CR polymers. The study recommends the use of crumb rubber
in pavement construction.

Keywords Asphalt · Crumb rubber ·Modified asphalt · Scrap tires · Particles

1 Introduction

The increase in the number of vehicles in recent times has led to increased road usage,
resulting in higher volume of traffic and tire pressure on roads [1]. The resulting effect
has premature deformation and failure in asphalt pavements [2, 3], generating serious
concern among many highway and State agencies [4, 5]. To combat this challenge,
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most governments have adopted the use of additives and modifiers in enhancing the
performance of asphalt pavements [6, 7].

Due to the increasing trend of road usage bymotorists, scrap tires have also been on
the increase [8]. Disposing of these scrap tires poses a serious environmental concern
as they are mostly burned or left at the mercy of nature to decompose as is prevalent
in most developing countries [9]. Therefore, the need for an effective technique for
recycling discarded tires has been considered by most countries [10]. One technique
is to convert these discarded tires to crumb rubber (CR) [11]. CR, developed from
discarded tires, is made up of natural or synthetic rubber [12]. The crumb rubber used
in asphalt applications improves the performance of asphalt pavements and reduces
traffic noise and improves resistance to cracking and rutting [13, 14].

The process of using crumb rubber to improve the performance of hot mix asphalt
(HMA) is not a new practice and has been applied over the years [15]. Crumb rubber
is mostly blended in the asphalt mixture by two methods, usually referred to as the
wet and the dry process [16]. In the first method (wet process), the CR is mixed
with bitumen at a temperature ranging from 191 to 218 °C for a period of about 1
to 2 h [17]. In this process, the bitumen is initially modified before it is included
in the mixture, which in turn modifies the mixture property too [18]. On the other
hand, in the dry process, the CR is first combined with aggregates and then mixed
with bitumen [19]. The dry process requires around two to four times the amount of
crumb rubber than that used in the wet process [20]. Among these two techniques,
the wet method is the most widely used [21]. The distinguishing difference between
the two methods is the binding property, i.e., the binding property is more effectively
modified in the wet process than in the dry process, because of its direct interaction
with the crumb rubber particles [18].

This paper investigates the influence of the CR content on the performance of
asphalt pavements by using a wet process. It examines this effect by using an asphalt
mix including different CRpercentages on the behavior of asphalt surface, withstand-
ing deformation and moisture damage by applying a wet method. The conventional
60/70 bitumen was utilized in the research mixed with several amounts of CR: 16,
20, 24, and 28% by weight of bitumen.

However, the resistance of rubberized and conventional asphalts to deformations
(rutting) was assessed by applying the wheel-tracking experiment. Moreover, the
moisture susceptibility testwas adopted in this research in assessing the possible dam-
ages caused by moisture on asphalt mix. We employed the indirect tensile stiffness
modulus (ITSM) test to ascertain the resistance of the asphalt mix to low-temperature
cracking

The rest of the paper is organized as follows: Sect. 2 explains the materials and
methodology employed in this research and in Sect. 3, the results of the experiments
conducted were discussed. The topic is concluded in Sect. 4.
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2 Materials and Methods

The materials used in this study were aggregates, bitumen, and crumb rubber.

2.1 Aggregate

Aggregates were collected by crushing rocks from a quarry. Coarse aggregates, fine
aggregates, and fillers were obtained by doing a sieve analysis. Other tests, such as
specific gravity and theoretical maximum density (ASTMD2041), were used as well
to examine the aggregate properties. Ordinary Portland cement was used as a filler.
Dense-graded aggregates of the maximum nominal size of 16 mm frequently used
in the wearing course of asphalt pavement were implemented in the study [22].

2.2 Bitumen

The bitumen used was normal 60/70 grade.

2.3 Crumb Rubber (CR)

The CR used in this study was derived from waste tires with a particle size of 0.6–
0.65 mm. Adding several percentages of CR: 16, 20, 24, and 28% by weight of
bitumen to asphalt mixtures was used in this study.

2.4 Asphalt Mixture Preparation

The wet technique was used in this study. The CR was mixed with bitumen at a
temperature of 195 °C for a period of 1 h before being added to the aggregates [23].
Mixtures of asphalt specimens of CR (16, 20, 24, and 28% by weight of bitumen)
and conventional mixture (without additive) were set up for Marshall experiment.
The asphalt samples that were made in Marshall molds had a width of 101.6 mm
according to ASTM D.1559 [24]. The Marshall samples, each containing crumb
rubbers, were then subjected to 75 compacting blows on each side of the specimen.
The result of this test yielded the optimum bitumen content (OBC) for each sample.
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3 Experimental Results and Discussion

Marshall stability test was carried out to evaluate the effect of crumb rubber contents
on themaximum load carried by a compacted specimen at a temperature of 60 °C. The
wheel-tracking test was conducted to ascertain the performance of various rubberized
asphalt mixtures under loading, as well as their resistance to rutting. The effect
of moisture on rubberized asphalt mixtures was evaluated by using the moisture
susceptibility test. The indirect tensile strength test was used to evaluate the effect
of crumb rubber on the bearing capacity of mixtures.

3.1 Marshall Test

The optimum bitumen content (OBC) for all mixtures was obtained by using Mar-
shall test (ASTM D1559-89). The results indicated that an unmodified asphalt mix-
ture (AC 60–70) has the lowest OBC (5.04% of the mixture weight). On the other
hand, mixtures with 24% and 28% of CR polymers have the OBC of 6.1% and
6.4%, respectively (values are slightly higher due to the addition of rubber particles).
Figure 1 shows the bitumen contents for all rubber-modified asphalt mixtures.

Figure 2 displays the effect of CR addition on the mixture stability. It shows that
stability slightly increases as CR contents in the mixture increase from the findings,
the stability of asphalt mix is largely affected by the interior friction of aggregates
and the viscosity of bitumen, and hence the viscosity of bitumen increases because
of adding crumb rubber to the bitumen.
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Fig. 1 Effect of CR on bitumen content in asphalt mixtures
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Fig. 2 Effect of CR contents on marshall stability

Table 1 presents the statistical analysis of T-test analysis (α = 0.05) of stability
test results of different crumb rubber percentages. The analysis shows that P-value is
larger than 0.05 and t-stat. is smaller to t-Critical, which means CR has no significant
effect on the stability of asphalt binder.

Although a previous study [21] asserts to the result of this study, i.e., that an
addition of crumb rubber enhances the properties of hot asphaltmixture and increases
the pavement stability by using a dry process, it, however, failed to show in detail the
effect of various values of crumb rubber on properties of hot asphalt mix. In addition,
in another study [16], the added CR to bitumen by using dry process shows that the
Marshall stability of the sample decreases as CR increases. This study found that the
CR particles are not totally liquefied in the bitumen, and perform elastically inside
the mixture. This result contradicts with this study’s result. We, therefore, conclude
that using different mix processes, dry and wet, produce different stabilities when
CR is added to bitumen.

3.2 Wheel-Tracking Test

The wheel-tracking test assesses the pavement resistance to rutting (deformation)
by the repeated passing of a loaded wheel. Once the loaded wheel begins moving
over the pavement model, the pavement starts resisting the rutting. However, after a
certain number of repetitions of the loaded wheel, the rutting has occurred. By this

Table 1 Output from
statistical analysis of T-test on
influence of crumb rubber
content on stability

CR % Stability (kn)

t-Stat. 1.319805

P(T <= t) 0.128683

t-Critical 2.131847
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method, we examined the effect of utilizing different amounts of CR in a wet process
mixed by assessing the obtained results with that of conventional mixtures.

The samples of different CR contents were compacted in standard molds having
dimensions of 410 × 255 mm and height of 55 mm. Each sample was made with a
minimum density of 98%. Then, the compacted specimens were kept in an oven at a
temperature of 60 °C for about 4 h. The loaded wheel was adjusted to a velocity of
40 cycles per minute. The experiment was performed for 10,000 cycles. The rutting
(deformation) depth in the pavementmodelwas recorded at certain cycles as depicted
in Fig. 3.

Figure 3 illustrates that as the amount of crumb rubber increases, the rutting depth
diminishes, which verifies that themixing asphalt withCRwill enhance the pavement
performance. Figure 4 reveals that deformation depth reached to lowest value at 24%
of CR and then increases again. Therefore, the conventional asphalt mixture AC16
with crumb rubber of 24% yields the highest rutting resistance in asphalt pavement.

The statistical analysis shown in Table 2 states that P-value is smaller than 0.05
and t-stat is larger than t-Critical, which indicates that adding various percentages of
CR to asphalt binder significantly boosted the pavement resistance to the rutting.

This result agrees with previous research conducted by using the wheel-tracking
test [25], where the modified asphalt mixes were observed to be more resistant to
the rutting, but it has not shown in detail the effect of using different crumb rubber
contents.
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Table 2 Output from T-test
analysis on influence of CR
content on pavement
resistance to rutting

CR % Rut depth (mm)

t-Stat 2.867

P(T <=t) 0.023

t-Critical 2.132

3.3 Effect of Moisture on Asphalt Mix

The moisture susceptibility test was done in this study to examine the possible mois-
ture damage in asphalt pavement and to reveal the effect of using different percentages
of CR. This test was conducted in accordance to ASTM D4867M. The finding of
this assessment presents the tensile strength ratio (TSR) for different samples as
illustrated in Fig. 5.

Figure 5 clearly reveals that asphalt mixtures containing CR have greater values of
TSR than conventional asphalt mixtures (0% CR), which indicates that the modified
asphalt mixtures have better resistance to moisture damage. The results show that
bitumen mixed with CR of 20% produced the highest value of TSR, and thus yields
the best resistance to moisture damage.

The statistical analysis in Table 3 states that P-value is much smaller than 0.05
and t-stat. is larger than t-Critical, which proves that addition of CR to asphalt binder
significantly improved the pavement resistance to moisture damage.
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Fig. 5 Result of the moisture susceptibility test

Table 3 Output from T-test
analysis on influence of
crumb rubber content on
moisture damage

CR % TSR

t-Stat 3.472

P(T <=t) 0.013

t-Critical 2.132



50 A. S. Eltwati et al.

The result of this study is consistent with a past study [26] in which an addition
of crumb rubber to unmodified mixture increases the resistance to moisture damage,
but the optimum CR percentages were not consistent. In this study, crumb rubber of
20% by weight of bitumen gave the best performance, while in the previous study
[26], CR of 10% provided the best result.

3.4 Indirect Tensile Strength of Asphalt Mixtures

This test was used to estimate the potential occurrence of rutting and evaluate how
the bearing capacity of the mixtures is influenced by the addition of crumb rubber.
The test was done in accordance with standard specification ASTM D6931–12. The
test mold, which had a diameter of 101.6 mm, was manufactured with an impact
compactor at a temperature of 25 °C. After pouring asphalt mixture into the test
mold, the mixture was applied to loading with a rate of 50 mm/min. The rutting in
the mixture is recorded as this loading increases. Figure 6 shows the result of this
test.

Figure 6 reveals thatmixtureswith crumb rubber addition had larger stiffnessmod-
ulus than those without any CR. This is an indication that crumb rubber-modified
mixtures are more resistant to the rutting than conventional asphalt binders. Further-
more, adding a percentage of 24 of crumb rubber to the mixture produced the best
result.

Table 4 displays the statistical analysis of T-test of indirect tensile strength test
results. The table shows that P-value is considerably smaller than 0.05 and t-Stat is
larger than t-Critical, which means that addition of CR to asphalt binder significantly
raised the stiffness modulus and the pavement is thus less affected by traffic loads.

The result of this study is consistent with past studies [27] where CR was added
to a mixture by the dry process. We, therefore, conclude that the effect of CR on the
mixture stiffness modulus is not affected by process methods: dry or wet.

0

500

1000

1500

2000

2500

3000

3500

0% (Conventional mix) 16 20 24 28

St
iff

ne
ss

 m
od

ul
us

 (M
pa

)

Crumb rubber (% weight)

Fig. 6 Result of indirect tensile stiffness modulus test
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Table 4 Output from T-test
analysis on influence of CR
on stiffness modulus

CR % Stiffness modulus (Mpa)

t-Stat −11.493

P(T <=t) 0.0002

t-Critical 2.132

4 Conclusion

In this paper, the effect of using different crumb rubber percentages in the asphalt
mixture by wet process technique is presented. The study involved utilizing different
rubber percentages (16, 20, 24, and 28%) by weight of bitumen. A comparative
assessment was made to evaluate these different crumb rubber percentages to the
conventional asphalt mixture. Based on the findings of this study, we conclude that

• The statistical result exhibited that an addition of crumb rubber to bituminous
mixtures significantly improved the asphalt pavement resistant to rutting. Asphalt
mixture modified with 24% CR yielded the highest resistance to rutting.

• It was shown that adding crumb rubber to bituminous mixtures significantly
increased the tensile strength ratio (TSR), and thus it is more resistant to moisture
damage. Mixture modified with 20% CR provided the highest value of TSR, and
thus it is less prone to moisture damage.

• The experimental result indicated that the impact of adding of CR on the pavement
resistance to the moisture damage was not affected by the process methods: dry
or wet.

• The statistical analysis showed that adding CR to asphalt mixtures significantly
enhanced the stiffnessmodulus. Therefore, the pavement has amuch larger bearing
capacity when subjected to heavy traffic loads.

• Adding crumb rubber to bituminous mixes not only reduces the accumulation of
scrap tires at landfills, but it may also be an effective means of improving the
long-term performance of pavements.
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Abstract The supply chain (SC) is a new term that emphasizes the interaction
between marketing, logistics, and production. With the adoption of the SC comes
the opportunity primarily related to the management of procurement of logistics
materials across corporate borders, such as between firms and their suppliers. This
paper presents the issues and the lifting process for supply chain management in
construction projects. Discussions on issues faced by contractors relating to material
procurement process have also been captured and enhancement strategies related
to management, human relations, and information and communication technology
have been brought forward to improve the performance of SCMmaterials. This study
suggests that the management of material supply chains can be enhanced through
management integration, human relations, and information and communication tech-
nology. This paper also considers the potential of implementing SCM to integrate the
construction process in Malaysia, and therefore addressing important issues includ-
ing the vague definition of what is needed from the client, lack of communication
between parties involved in the material supply chain, ambiguity between plans
and quantity bills, and low cost associated with the traditional process of material
procurement.
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1 Introduction

For increasedproductivity in construction projects,materialmanagement is an impor-
tant function. Material planning and eradication, vendor evaluation and selection,
purchase, expense, shipping, material acceptance, warehousing and inventory, and
material distribution are the key material management functions [1]. Project cost,
time, and quality are influenced by improper handling and material handling during
the construction process [2]. Furthermore, the total construction cost ranges from 30
to 80% of the cost for material handling [3] and almost 60% of the total working
capital of any industrial organization consists of material costs [4]. Thus, to con-
trol productivity and costs in construction projects efficient material management
is required. In construction projects, there are many issues that contribute to poor
material management. Some of the adverse effects on material management are with
excessive working papers, misuse of specs, improper handling of the site, waste, and
lack of proper work plans [5].

This paper reviews the issue of current material management practices in con-
struction projects and explores past research in management, human relations, and
information and communications technology being implemented. It begins with a
review of material management practices in construction projects and common prob-
lems associated with them. The waywherein thematerials are managed in the project
is deliberated and the stretches for improvements are emphasized.

2 Issues Encountered by Contractors

Based on preliminary interviews and a literature review, fifteen (15) issues onmaterial
supply chain management have been identified. Among these issues are the fuzzy
definition required by the client [6]; lack of communication between parties involved
in the material supply chain [7]; uncertainty between quantity and quantity bill [8];
having too many materials suppliers [9]; the absence of building materials required
[10]; delayed submission of building materials approval by contractor to consultants
[11, 12]; submitting on-site building materials storage of work [13, 14]; limited
building material storage on site [15]; loss of building materials delivered to the site
[16]; theft of materials on the site [17]; vandalism at the site [18]; damage during
handling ofmaterials (defects); weak communication between parties involved in the
supply chain at the site [19]; and accept, operate, and store unused buildingmaterials.

SCM aims to create the maximum value, not just for the company, but also for the
entire network of the supply chains including the end customers. Hence, to improve
the efficiency and effectiveness of the process for the entire supply chain integration,
supply chain and recycling process should be designed. It is important that benefits
be distributed fairly. References [20–22] advised the government to resolve these
issues before the country could realize its intention to become a logistics hub in the
region.
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3 Adoption of Material Supply Chain

This section discusses the improvement strategies in adoption of material sup-
ply chain using traditional contract in a construction project. Three (3) areas
were identified by the researcher through literature review, which can be clas-
sified as management, human relationships, and information and communication
technologies.

3.1 Management

Based on the previous studies these are among the best strategic management aspects
that have been adopted:

• Implementing a project with own resources [23].
• Identify areas of improvement in material supply chains by top management [24].
• Commitment from top management to improve process supply chain materials
[25].

• Strategic network optimization including numbers, locations, and facilities in the
material supply chain [26].

• Coordinate overall organizational strategy with material supply chain processes
[25].

• Contractors and suppliers need to be involved in the design team at the early stage
[27].

• Managing process management of the material supply chain correctly [28].
• Suitable acquisition path-effective delivery [29].
• Lead times, cost reduction, and profit engagement [30].
• Decline in material prices and global currency issues [31–33].
• Political involvement in controlling material costs [32, 34].

3.2 Human Relationships

Supply chain relationships play a significant role in achieving the firm’s goals. The
coordination and integration of activities with suppliers and understanding of cus-
tomer’s needs result in greater benefits for companies and the aspect adopted as
below:

• Long-term relationship—trust, experience, and responsiveness [35].
• Reward creativity, encouraging development, and implementation of new ideas
[36].

• Resources development in materials supply chain [37].
• Knowledge asset in materials supply chain [38].
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• Long term and needs resources commitment [39].
• Conduct training for suppliers [40].
• Rationalization of existing suppliers [41].
• Set up review mechanisms for feedback, ideas, and knowledge exchange [42].
• Potentially beneficial effects of long-term trust value [43].
• Strategic partnership with distributors [44].
• Enhance a partnership with existing suppliers [45].
• Active participation of suppliers during construction phase [46].
• Encourage teamwork with the supply chain partners [47].
• Encourage problem-solving with the supply partners [47].

3.3 Information and Communication Technology

Telecommunication and computer technology enable all construction project players
in the supply chain to communicate with each other. The use of information technol-
ogy enables suppliers, manufacturers, distributors, retailers, and customers to reduce
lead time, paperwork, and other unnecessary activities. Below are the key benefits
of adopting information technology and communications for construction projects:

• Information technology chain operation system enables sharing of information
[48].

• Ensure procedures for communication effectively [49].
• Firms’ cultures toward innovation—implementation of new ideas of materials
supply chain processes effectively [50].

• Establish the system for project participant to communicate effectively [51].
• Technology-oriented material suppliers [52].
• Establish database where to make and make-buy decision [53–55].
• Centralized information system [56].
• Establish radio frequency identification (RFID) for material tracking [57, 58].
• Implement building information modeling (BIM) to enhance projects [59–61].
• Implement geographic information system (GIS) for each project [62].

4 Conclusions

Since the early 1960s, the concept of SCM has been tied to distribution and physi-
cal logistics to illustrate the management of product flow activities. What’s new is
the emphasis given to border management. The material handling function in the
construction industry is often fragmented with minimum communication and no
clear responsibilities among the parties involved. The difficulty is still in reaching
the expected benefits. Because cooperation in traditional methods is usually among
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members with different or different reward systems, experts need to realize the ben-
efits of their cooperation. Balancing this benefit should be in such a way so that all
members better in their cooperation receive more benefits, which can make a new
challenge for SC managers. The improvement strategies involving such as manage-
ment, human relationship, and ICT would increase productivity, reduce cost, and
improve efficiency of construction projects.
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Cement Hydration Extents for Hardened
Cement Paste Incorporating
Nanosized-Palm Oil Fuel Ash:
A Thermal and XRD Analysis Study

Mohd Azrul Abdul Rajak, Zaiton Abdul Majid and Mohammad Ismail

Abstract The suitability of nanosized-POFA (nPOFA) as a supplementary cement-
ing material has not been discovered enough. Therefore, the present study investi-
gates the degree of cement hydration of Hardened Cement Paste (HCP) incorporating
nPOFA via thermal and XRD analysis. The nPOFA was prepared by grinding the
micro-POFA (mPOFA) using ceramic ball milling for 30 h. A series of Hardened
Cement Paste (HCP) incorporating 10–60% of nPOFA and 10–30% of mPOFAwere
prepared and examined at 28- and 90-day curing age. The hydration of cement was
assessed by monitoring the dehydroxylation of portlandite (CH) through Thermo-
gravimetric Analysis (TGA) and X-ray Diffraction (XRD) analysis. The prepared
nPOFA possesses average crystallite size calculated from the XRD diffractogram
which is 34.74 nm, and BET surface area of 145.35 m2/g. Based on the TG analysis,
the HCP with 30% nPOFA replacement gives the highest CH consumption in the
HCP within the interval time of two curing ages. Significantly, it indicates that 30%
nPOFA replacement in HCP accelerates the hydration of cement through the poz-
zolanic reaction between the amorphous silica and CH from the hydrated products.
Meanwhile, the XRD analysis indicated a decrease in CH peaks intensity in nPOFA
HCP, which corresponds to the consumption of CH in the pozzolanic reaction. The
results show that the high fineness of nPOFA results in the high distribution in HCP
and rapid dissolution as it increases the rate of pozzolanic reaction.
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1 Introduction

A Palm Oil Fuel Ash (POFA) is a by-product of the palm oil mill and contains high
silica content (44–66%) [1, 2]. Remarkably, it has the potential to be a Supplemen-
tary Cementing Material (SCM) in construction materials to enhance the strength,
workability and durability properties of mortars and concretes [3, 4]. In the Hardened
Cement Paste (HCP), silica particles from POFA undergo pozzolanic reactions with
calcium hydroxide (CH) in the presence of water to generate secondary Calcium Sil-
icate Hydrate (CSH) as a binding component [3, 4]. The nanosized-SCM (1–100 nm
particles) has gained global attention as it gives a high improvement in the strength
and durability properties of cement-based products [5, 6]. In that respect, the rate of
cement hydrations and pozzolanic reactions has increased due to the highly specific
surface area of nanosized-SCM. Furthermore, the nanosized-SCM remarkably acts
as nucleation sites for the embedding of hydration products and filler to refine the
microstructure of paste [5, 6].

The modification of POFA into nanosized-POFA (nPOFA) should give different
perspectives on utilizing POFA as SCM in the hardened cementitious matrix. Hence,
the investigation towards the cement hydration and pozzolanic reaction in the pres-
ence of nPOFA will provide a better understanding of the potential of nPOFA as
SCM. The present paper examined the cement hydration extents on the Hardened
Cement Paste (HCP) incorporated nPOFA via thermal and X-ray Diffraction (XRD)
analysis based on the progress of cement minerals and hydration products.

2 Experimental

The experimental works of this study includes the preparation of nPOFA, the
preparation of cement paste cubes, as well as the thermal and XRD analysis
procedures.

2.1 Materials

As-received POFA (rPOFA) specimens were sieved through a No. 100 (150 μm)
sieve to remove large contaminants. The rPOFA was subjected to the modified Los
Angeles abrasion test machine to obtain a microsized-POFA (mPOFA) particle as it
is compiled in the ASTM C618–15. Then, the mPOFA specimen was subjected to a
ceramic ball milling for 30 h to acquire nPOFA. The mPOFA specimen was loaded
into the ball milling using a 10:1 ball-to-specimen weight ratio [7].
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2.2 Physicochemical Analysis

The oxide composition of nPOFA specimen and Ordinary Cement Portland (OPC)
Type Iwas determined using anX-ray Fluorescence (XRF) spectroscopy (S4 Pioneer,
Bruker). The mineralogy of nPOFA was carried out via a Siemens/Bruker Advance
D5000 diffractometer with Cu Kα radiation (λ = 1.54060 Å). The analysis was
operated at 40 kV and 25 mA in the range of 2θ from 2° to 90° and step sizes of
0.05° using a scanning rate of 0.05°/min at room temperature. Meanwhile, the aver-
age crystallite size (D) of nPOFA was computed using Debye–Scherrer’s equation.
Respectively, the specific surface area of 16.63m2/g and 145.35m2/g for themPOFA
and nPOFA specimens were evaluated from BET analysis through Thermo Fisher
Scientific Sorptomatic 1990 surface analyser.

2.3 Preparation of Cement Paste Cubes

Cement paste cubes were prepared by incorporatingmPOFA and nPOFA in the range
of 10% w/w to 30% w/w and 10% w/w to 60% w/w, respectively. The OPC paste
with water-to-cement ratio of 0.28 was used as a control paste, while the mPOFA
and nPOFA cement pastes were prepared with the water-to-binder ratio of 0.35. The
paste was cast in 50mm× 50mm× 50mm cubic moulds for 24 h. Subsequently, the
cement cubes were removed from the moulds and cured in a saturated lime solution
for 28 and 90 days, respectively.

2.4 Thermal and XRD Analysis

The hydration of HCP at 28- and 90-day curing ages was monitored through thermal
and XRD analysis. The HCP cubes were crushed and immersed in acetone for 3 days
to arrest the hydration [8] and were kept in an oven at a temperature of 50 ± 5 °C
for 24 h to allow the evaporation of the remaining acetone. A TGA was performed
using a Perkin-Elmer Thermal Pyris Diamond TG/DTA analyser. The specimens
were heated at a temperature of 30 °C up to 1000 °C with a constant heating rate of
10 °C min-1 under a nitrogen atmosphere. The XRD analysis was carried out using a
Siemens/Bruker Advance D5000 diffractometer with Cu Kα radiation (λ = 1.54060
Å). The scan was operated at a voltage of 40 kV and a current of 25 mA in the range
of 2θ from 2° to 70° and step size of 0.05° using a scanning rate of 0.05° min−1 at
room temperature.
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3 Results and Discussion

The effect of nPOFA towards cement hydration of HCP will be discussed in this
section through the results from the physicochemical analysis of the materials,
thermal analysis and XRD analysis of the HCP specimens.

3.1 Physicochemical Properties

Chemical composition of POFA and OPC was shown in Table 1. It is apparent
that silica is the major component in POFA with 54.8%. Other compounds include
aluminium oxide, calcium oxide, iron oxide, magnesium oxide and sulphur trioxide.
It was also observed that POFA contains 8.5% of LOI values. Based on the oxide
composition, POFA can be classified as Class-C pozzolan as it is conformable with
ASTM C618-12a.

The XRD diffractogram of mPOFA and nPOFA was illustrated in Fig. 1. As can
be seen, the broad peak at 20°–30° of XRD diffractograms represents the amorphous
mineral in mPOFA and nPOFA. Meanwhile, the α-quartz, tridymite, cristobalite,

Table 1 Chemical composition of POFA and OPC

Component SiO2 CaO Al2O3 MgO Fe2O3 SO3 LOI

POFA 54.8 14.0 7.24 4.14 4.47 0.71 8.5

OPC 21.45 60.98 3.62 1.22 4.89 2.30 1.37

Fig. 1 Diffractogram of a mPOFA and b nPOFA
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hematite and calcite peaks reflect on the crystallinity phases of POFA. The α-quartz
is present as the major phase, while tridymite, cristobalite, hematite and calcite exist
as minor phases of mPOFA and nPOFA. As can be seen, both mPOFA and nPOFA
specimens possessed a strong and sharp peak at 26.7° which corresponds to the
α-quartz peak. It is also observed that the peaks at 2θ angles of 21.7°, 50.3° and
60.4° are corresponding to α-quartz. Cristobalite peaks were identified at 2θ angles
of 22.6°, 28.7° and 36.2°. The existence of tridymite peaks is identified at 2θ angles
of 23.3°, 30.1°, 35.9° and 38.9°, while hematite peaks were detected at 2θ angles of
24.0°, 33.1° and 40.8°. In addition, the peaks at 29.3° and 47.3° correspond to the
presence of calcite. All these peaks were similarly detected in previous studies [9].

The average crystallite size of nPOFA was found to be 34.74 nm, which was
calculated based on the reflection peaks at 2θ angles of 20.9°, 26.7°, 29.4° and 50.2°
by using Debye–Scherrer’s equation. The findings proposed that the production of
nPOFA can be achieved using a ceramic ball milling in 30 h with a high intensity of
speed rotation.

3.2 Thermal Analysis

Figures 2 and 3 show the TGA curves of OPC, mPOFA and nPOFA HCP at 28- and
90-day curing ages. In this study, it is observed that three significant weight losses
were detected from the TGA thermograms for all HCPs. First endotherm peak was
observed in the temperature range of 30–210 °C, the second endotherm peak was
detected between 410 and 480 °C, and the last endotherm peakwas in the temperature
range of 510–700 °C. It is suggested that the first, the second and the third endotherm

Fig. 2 TGA curves of OPC, mPOFA and nPOFA cement paste at 28-day curing age
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Fig. 3 TGA curves of OPC, mPOFA and nPOFA cement paste at 90-day curing age

peaks could be attributed to the decomposition of the evaporated water from capillary
pores and hydrated products [10, 11], dehydroxylation of CH (shown in Eq. 1) [10]
and decarbonation of carbonated phases (shown in Eq. 2) [12, 13], respectively.

Ca(OH)2
Porlandite

−→[410 ◦C−480 ◦C] CaO
Calcium oxide

+ H2O
(dehydroxylation process)

(1)

CaCO3
Calcite

−→
[510 ◦C−700 ◦C]

CaO
Calcium oxide

+ H2O
(decarbonation process)

(2)

Figure 4 shows the total weight of CH consumption in mPOFA and nPOFA
HCPs during the time interval of 28-day curing age to 90-day curing age. As can be
seen in Fig. 4, the total CH consumption of 10mPOFA, 20mPOFA and 30mPOFA
HCPs within the time interval between 28-day and 90-day curing ages are 12.4%,

Fig. 4 Total weight of CH consumption in mPOFA and nPOFA cement pastes within the time
interval of two curing ages
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23.8% and 7.2%, respectively. Meanwhile, the total weights of CH consumption
in the 10nPOFA, 20nPOFA, 30nPOFA, 40nPOFA, 50nPOFA and 60nPOFA HCPs
are 18.4%, 23.1%, 26.2%, 13.2%, 4.1% and 0.5%, respectively. The 20mPOFAHCP
shows the highest in total CHconsumption among themPOFAHCPs as the 30nPOFA
HCP possesses the highest total CH consumption among nPOFA HCPs. In addition,
the 30nPOFA HCP has a higher total CH consumption compared to total CH con-
sumption in 20mPOFA HCP. Meanwhile, the lowest total CH consumption in the
mPOFA and nPOFA HCPs is demonstrated in the 10mPOFA and 60nPOFA HCPs,
respectively.

The result suggests that the total CH consumption indirectly assesses the degree
of pozzolanic reaction in mPOFA and nPOFA HCPs. This is due to the fact that the
CH is consumed by silica in the pozzolanic reaction [14, 15]. As can be seen in Fig. 4,
it can be suggested that the nPOFA HCP with the cement replacement 30% w/w of
nPOFA produces the high secondary CSH through pozzolanic reaction. This could
be explained by the highest total CH consumption in 30nPOFA HCP. The different
values in total CH consumption between 20mPOFA and 30nPOFA HCPs could be
attributed to the fineness effect. The high fineness of nPOFA particle increases the
filler effect, the nucleation effect, as well as the pozzolanic reaction in the hardened
cementitious matrix. This agreement is similar to the previous findings [16, 17].
Meanwhile, the low CH consumption in the HCP with the high composition of
mPOFA or nPOFA could be attributed to the high dilution effect as it was mentioned
by the previous study [15].

3.3 XRD Analysis

Figure 5 shows the diffractogram of OPC, mPOFA and nPOFA HCPs at 28- and
90-day curing ages, respectively. It is observed that the OPC HCP has the highest
peak intensity of crystalline CH compared to mPOFA and nPOFA HCPs at 28- and
90-day curing ages. As can be seen in Fig. 5b, the CH peaks at 2θ = 18.1° and 34.0°
in 30nPOFA and 40nPOFA HCPs at 90-day curing age show the lower intensities
compared to the other HCPs. In addition, it can be seen in Fig. 5 that the α-quartz
peaks at 2θ = 26.5° were not observed in OPCHCP as it was observed in all mPOFA
and nPOFA HCPs.

The result suggests that the pozzolanic reaction in the mPOFA and nPOFA HCPs
results in the low intensity of CH peaks, which were observed in diffractogram.
The results were confirmed by the thermal analysis, which suggests that the high
CH consumption in mPOFA and nPOFA HCPs (refer to Fig. 4) could be attributed
to the pozzolanic reaction. This is in agreement with the results reported by other
researchers [15]. The low intensity of CH peaks at 2θ = 18.1° and 34.0° in 30nPOFA
and 40nPOFA HCPs at 90-day curing age is likely to be due to the high rate of
pozzolanic reaction in 30nPOFA and 40nPOFA HCPs. It is confirmed by the high
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Fig. 5 Diffractogram of OPC, mPOFA and nPOFA HCPs at a 28-day curing age, b 90-day curing
age. Notation—(1) Alite, (2) Portlandite, (3) Belite, (4) Calcite

CH consumption (refer to Fig. 4) in HCP. It can be seen in Fig. 5b that the CH peaks
at 2θ = 34.0° in nPOFA HCP, which is significantly lower compared to the peaks
in mPOFA and OPC HCPs. This could be attributed to the high fineness of nPOFA,
which increases the rate of pozzolanic reaction in HCP.
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4 Conclusions

The findings of the present study can be summarized as follows:
(1) The TGA analysis investigates the hydration progress of HCP incorporated

mPOFA and nPOFA based on the weight loss of CH. The findings show that the
30nPOFA has the highest CH loss in the HCP compared to the other HCPs, as it
reflects on the highest CH consumption in the 30nPOFA within the interval time of
two curing ages. The result indicates that the cement replacement with 30% w/w of
nPOFA could give the optimum pozzolanic reaction to reduce CH amount in HCP.

(2) The XRD analysis was carried out to qualitatively investigate the hydration
progress based on the crystalline phases in HCP. The significant reduction in the
intensity of CHpeaks in the nPOFAHCP compared to themPOFAcould be attributed
to the high rate of pozzolanic reaction in HCP.
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Changes in the Use of Building Materials
in Traditional Houses in Indonesia

Andi Prasetiyo Wibowo

Abstract The residence or what we call home is an inseparable part of human life.
Traditional buildings in Indonesia use natural materials that are widely available in
Indonesia, such as wood, bamboo, stone, clay, straw, weeds, and so on. The use of
natural materials for traditional houses will certainly have a negative effect if the
exploitation of natural materials is carried out without being balanced with policies
for the renewal process. Modern society tends to look for substitutes for building
materials that are simpler, or at least easy to obtain, and that do not require special
expertise in the installation/manufacturing process. Comparisons between traditional
and modern versions of traditional houses that have been touched by modern mate-
rials are expected to give a picture of a shift in the types of building materials and
their application to traditional houses in Indonesia.

Keywords Houses · Traditional · Indonesia · Building materials

1 Introduction

The residence, which later on we will call it home, is an inseparable part of human
life. Home is a basic human need as a place to rest and shelter from the weather and
the threat of the surrounding environment that can endanger him. In the process of
this development, humans initially only relied entirely on nature, such as searching
for caves or taking shelter under large trees, up to a time when humans were able
to process the natural resources to use them to build houses, starting from a simple
scale to those who applied technology in the manufacturing process.

The process of making houses in various regions of the world has also an indirect
impact on the development of culture with the birth of the types of traditional houses
from various regions that can give a characteristic of certain regions. The use of
natural materials available in the area is a rational choice when people want to build
their houses. In addition to being easy to get, at that time, relations with other regions
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that had other types of material were certainly still very limited. The character of
the traditional houses also characterizes the natural and geographical conditions of
the area. Customs are also very influential in determining the design of the house
in order to maintain its locality, as happened in kaampong Naga Tasikmalaya, West
Java [1].

The use of natural materials for traditional houses will certainly have a negative
effect if the exploitation of natural materials is carried out without being balanced
with policies for the renewal process. The design of the building turned out to also
have a big contribution to trigger environmental damage and result in a decrease in
the quality of human life [2]. Although the natural ingredients are categorized as
renewable materials, the number of natural resources that are increasingly getting
limited and the shrinking of land for the renewal process threaten the continuity
and availability of these building materials. According to the economic principle, if
the amount is limited and needs increasing, it will make the price of the building
materials expensive. Generally, the price of building materials causes housing prices
to become more expensive, and at some point, people will choose to create housing
that may use as little as possible natural materials.

The same thing happened in Indonesia. As an archipelago consisting of many
tribes, the Indonesian nation has many extraordinary vernacular buildings [3]. Tra-
ditional buildings in Indonesia use natural materials that are widely available in
Indonesia, such as wood, bamboo, stone, clay, straw, weeds, and so on. The use of
these natural materials in addition to characterizing the locality of the area is also able
to provide additional information about the progress of the level of thinking of the
local community through the processing of natural materials to be used as housing
material. The processing and utilization of natural materials can be different between
one region and another, and therefore it can create diversity in its application. These
traditional houses will later become a source of cultural treasures from the Indone-
sian state, which consists of various ethnic groups. These traditional houses are also
a part of the development of national culture.

In almost all regions in Indonesia, the traditional houses also have a role to show the
social status of the residents. The types of traditional houses have levels ranging from
simple to relatively large, and they are filled with beautiful symbols or architectural
details. Traditional houses for nobles—someone who has a respectable position in
the region—tend to have complicated constructions and large sizes, so that it requires
a lot of building materials. These things have an impact on the length of the process
of making the traditional house. Not to mention the need for special artisans because
there are several parts of the house that require certain skills for the technique of
making/installing some elements of the traditional house.

Houses, as assets, will eventually become an integral part of the regeneration pro-
cess ofmankind.A housewill be inherited fromone generation to the next. Over time,
of course, the house will get old and needs care. The limited resources (both mate-
rial and labor) ultimately made the majority of the community find solutions to these
problems by finding a replacement for buildingmaterials that were simpler, or at least
easier to obtain, and did not require special expertise in the installation/manufacturing
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process. As has been studied in Iran, physical and morphological changes in a house
can also be triggered by social, economic, and technological transformation [4].

2 Research Methodology

This study will use a comparative method between several types of traditional build-
ings in Indonesia. Comparisons aremade among traditional houses, original versions,
and modern versions that have been touched by modern materials. The analysis pro-
cess uses primary data obtained in the field by conducting observations and taking
documentations, while secondary data is obtained from literature studies through
some traditional home documentations obtained from various library sources.

3 Analysis and Discussion

The analysis process is done by comparing traditional houses in terms of building
components. The observed part will be identified regarding the building material
structure. Some traditional houses that will be compared are taken from several
examples, which are expected to be able to represent regions in Indonesia, starting
from the islands of Sumatra, Kalimantan, Java, Bali, Sulawesi, Nusa Tenggara, and
Papua.

• Rumah Gadang (Minangkabau—West Sumatera)

Rumah Gadang (Gadang House) is the name for the Minangkabau traditional house,
which is a traditional house and is often found in the province of West Sumatra,
Indonesia. This house is also called by other names by the local community such as
Rumah Bagonjong or there is also someone who calls it the Baanjuang house (Figs. 1
and 2).

• Betang House (Kalimantan)

Fig. 1 Original version of the Minangkabau house
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Fig. 2 The recent and most common Rumah Minangkabau

Fig. 3 Original Betang house (left) and current (right)

Rumah Betang is a typical Kalimantan traditional house which is found in various
parts of Kalimantan and is inhabited byDayak people, especially in the upper reaches
of the river which is usually the center of Dayak tribal settlements. The most signif-
icant change that has taken place is the replacement of the type of roofing material
that originally used shingles, and now it has been replaced with a zinc roof (Fig. 3).

• Rumah Joglo (Jawa)

Joglo house uses wood as its structure and uses woven bamboo as its walls, while
for roofs, it uses sago palm before finally being replaced with tile or precarious clay
(Fig. 4).

• Bali

The traditional Balinese house originally used palm fiber roofing and wood support,
and for walls, “popolan” or clay soil was used. In its development, due to the impact
of the advancement of tourism, many Balinese people then tried to transform the
building into tourist facilities for tourists [5]. One part that is undergoing rejuvenation
is that the roof of the building is replaced with ametal/zinc roof (though not entirely),
and a floor covering that uses tiles or stones (Fig. 5).

• Minahasa (North Sulawesi)

Traditional Minahasa house is stage house with 16–18 supporting poles and twin
stairs on the front of the building (Fig. 6).
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Fig. 4 Original Joglo house (left) and current (right)

Fig. 5 Original Balinese traditional house (left) and current (right)

Fig. 6 Original Minahasa traditional house (left) and current (right)
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Fig. 7 Use of concrete stairs instead of wooden stairs

The roof of the Minahasa building in the past used material in the form of sago
palm which was called sago tree. The current condition of Minahasa’s roof has
begun to change by using zinc material due to the difficulty in getting rumbia and its
declining quality. Apart from material problems, there are also other factors where
roof construction also changes (Fig. 7).

• Toraja (South Sulawesi)

Tongkonan is a traditional house of the Toraja people. The roof is curved to resemble
a boat, consisting of a composition of bamboo trees and at this time some Tongkonan
have been replaced using a zinc roof. One characteristic of the Tongkonan house,
which is on the front, is that there is a row of buffalo horns that indicate the social
status of the owner (Fig. 8).

• West Nusa Tenggara (Sasak tribe, Sade village, Lombok)

Bale is a traditional house from the Sasak tribe in Sade hamlet in Rembitan village,
Pujut, Central Lombok. The uniqueness of Sade hamlet is its determination to pre-
serve this traditional house. The use of roofing material from straw is maintained

Fig. 8 Original Toraja traditional house (left) and current (right)



Changes in the Use of Building Materials … 77

Fig. 9 Traditional Sasak tribal house, Bale Lumbung (left) and Bale Tani (right)

Fig. 10 Modernization of Bale Lumbung house

in traditional house buildings in remote/traditional villages. But for new buildings,
it tends to use new materials such as metal roofs and construction of wooden walls
with glass (Figs. 9 and 10).

• Papua

Papua traditional house is better known as HONAI. Typical roof forms and the use
of natural materials such as wood for walls, and the use of straw and palm fiber as
roof cover materials, make the traditional house of Papua region easily recognizable.
However, due to the demands of health standards, the honai currently uses concrete
floors (Fig. 11).

Fig. 11 Original Papuan traditional house (left) and current (right)
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4 Conclusions

The most visible building identity is the shape of the roof. The shape of the roof
of a traditional house has not changed because it is a symbol/characteristic of the
traditional house itself. However, many of the constituentmaterials change from sago
palm, palm fiber, bamboo, thatch becomes precarious soil, zinc, and tile metal.

For walls, not much has changed and they still use wood or bamboo, but they are
equipped with glass windows.

The floor section of the original version of the traditional house uses wooden
boards for the stage house. However, in its development, many tread houses were
changed using concrete pavement and using ceramic floors.

For the foundation or the bottom part of the building, the initial use of wood as
its supporting structure is then replaced by concrete.
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Fatigue and Long-Term Deformation
Performance of Conventional
and Rubber-Modified Bitumen

Mahirah Mohd Idris, Madzlan Napiah, Mohd Yazip Matori
and Nazirah Ahmad

Abstract The intention of road pavement is to provide a convenient top surface
for vehicles so that they can easily move without any difficulties, and safely from
one place to another. The flexible pavement using conventional bitumen usually
shows defects such as rutting, cracking, and fatigue failure, thus causing damage to
roads earlier than the expected time. Therefore, an approach to bitumen modification
using rubber has been done, so that it is more resistant to any deterioration of the
pavement performance. An integration of natural rubber and bituminous materials is
a tremendous innovation in world road pavement. Generally, natural rubber has high
tensile strength and it is resistant to fatigue due to its elastic substancewhich is known
as its feature. This modification is able to give an encouraging effect to the resilience
of the road compared to the conventional bitumen, which has a limitation toward
traffic loading. A consolidation of 6%of natural rubber to the 60/70 grade penetration
of bitumenhas shown an improvement to itsmain property.Asweknow, conventional
bitumen susceptibility is directly proportional to the increasing of the traffic loading.
With this alterationusing a chemical composition in conventional bitumen is expected
to prolong the lifespan of road pavement. The behavior of the modifier (natural
rubber) has been observed by inclusive laboratory testing and appraisal.

Keywords Natural rubber ·Modified bitumen · Pavement performance
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1 Introduction

There is no hesitation that our contemporary road structures are necessitated to have
better long-term performance and resist higher traffic densities and axle loadings
compared to the past. At the same time, the emphasis of reducing material costs is
also given attention. In order to ensure long-term durability, and at the same time,
minimising maintenance measures and conserving resources, proper selection of
pavingmaterials together with the optimal mix and pavement design are very crucial.
Basically, bituminous binders should be designed to provide optimum resistance
to different pavement failures and to achieve great durability within a diversity of
traffic conditions. This, however, is not what has usually happened with conventional
bitumen.

Bitumen modification is one of the steps that can be considered to improve the
performance of asphaltic pavement, especially in sustainability of its lifespan. Al-ani,
2009 [1] has identified that the bitumen modification with polymer is an initiative
to enhance road pavements so that it is excellent in terms of performance durability.
In this case, natural rubber is selected to be as a modifier to the bitumen in order to
increase the viscosity and elasticity [2] of asphalt with higher softening point, pene-
tration, and ageing resistance. These authentications can be found at the rheological
testing, which has been done at the earlier stages of this investigation. Furthermore,
with this great effect in rheological properties, a distress reduction in the asphalt
pavement can be expected to reduce distress in asphalt pavement. In addition, nat-
ural rubber also has high stability, excellent tear strength, and fatigue resistance,
which can extend the durability in asphalt pavement [3]. Hence, the presence of
natural rubber as a modifier element in bitumen modification for road construction
is technically to lengthen the lifetime of roads and eventually save the maintenance
cost [4].

2 Research Problem

The utilization of conventional bitumen in pavement as a binder in aggregates had
been generally known. Unfortunately, the development of the world has further chal-
lenged the roads with the increments in traffic densities and the expansion in axle
load, which bring the encumbrance to the pavement. In long run, the pavement can-
not accommodate the higher traffic volumes, which finally lead to the deterioration
of the road.
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3 Research Background

Bitumen is known as the oldest engineering material [5]. Bitumen had many usages
such as adhesive and sealant. The most popular usage of bitumen is commonly in
pavement binder. Unfortunately, bitumen is always a challenge to get good quality.
The properties of the bitumen are associated closely to the process of refinery as well
as to the crude oil sources. Hence, the chemical composition of bitumen is allegedly
various and complex. Having the quality of crude oil and well quality control during
refinery are the correct ways to preserve the continuity of good resources. However,
it is hard to maintain this method as the good quality of crude oil has its limitations
and lacks effectiveness during the refining process. Therefore, bitumen modification
has been introduced to overcome this issue and to sustain bitumen’s consumption in
order to preserve the economy [4]. Many researchers had focused on this perspec-
tive to improve the quality of bitumen by doing modifications through its chemical
and mechanical properties, using polymers such as plastomers and thermoplastic
elastomers. However, there are still some challenges and drawbacks toward polymer
modification [6]. In this study, natural rubber has been used to be mixed with bitu-
men because of its good interaction in terms of physical and chemical properties to
the nonrubber substances [7]. For its physical properties, natural rubber has elastic
behavior, which can be seen when it is under loading, and it can return to its original
condition when the loading is removed [8]. In addition, natural rubber also unveils
that it can lower its elasticity value while it is stretched [9]. The chemical formula of
rubber shows that it is composed of carbon and hydrogen atoms (C5H8) with higher
molecular weight. The presence of the double bond in this formula for each unit
makes the rubber increase its elasticity [10].

Instead of improving the performance of the pavement, the utilization of natural
rubber as a modifier element can also increase the domestic consumption of rubber,
especially to the biggest natural rubber producers such as Thailand, Malaysia, and
Indonesia [11].

A. Research Hypothesis

The concept of using rubber in bitumen has been already known where rubber crumb
was widely used in rubber-bitumen modification. However, nowadays the approach
of using natural rubber is still new. In this investigation, natural rubber with 80%
dryness has been used. This approach is able to overcome the road problems, such
as ageing, rutting, and fatigue failure due to various load vehicles.

B. Research Objectives

The objective of this research is to evaluate the performance of the pavement for
conventional and modified bitumen using natural rubber, based on comprehensive
laboratory testings such as wheel tracking test, indirect tensile modulus test, and
asphalt permanent deformation test.
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4 Research Methodology

TheOptimumBinderContent (OBC) for both types of bitumenwas retrieved from the
previous experimentswhich are Stability and FlowTests. TheOBC60/70 penetration
grades of bitumen and modified bitumen using natural rubber are as follows.

A. Wheel Tracking Test

Two rectangular samples of slabs with different types of bitumen were prepared for
evaluation of rutting in laboratory. TheOBC for both sampleswere used as in Tables 1
and 2, respectively. The compaction for both samples was done at the temperature
of 150 °C for modified bitumen and 135 °C for conventional bitumen. The samples
were placed to rest for 24 h prior to testing. After 24 h of resting, the samples were
then put individually in the wheel tracking machine. The machine tracks a loaded
steel wheel back and forth directly on the sample for 40 min (Figs. 1 and 2).

B. Indirect Tensile Modulus Test

Three specimens for each type of bitumen were prepared. A cyclic stress of fixed
amplitude is applied to the test specimens.During testing, the specimens are subjected
to a dynamic cyclic stress and a seating load. Loads are selected to keep horizontal
deformations. The deformation responses of the specimens were measured near to
the center of the specimen. Total resilient modulus is calculated using the recoverable
horizontal deformation. The test for each specimen was performed at a temperature
of 25 °C. The average value of stiffness modulus (MPa) is taken (Fig. 3).

Table 1 The OBC for 60/70 penetration grade and modified bitumen

Marshall properties % bitumen at optimum curve

60/70 Modified bitumen

Density (kg/m3) 5.50 5.50

Stability (N) 4.50 4.50

Air voids 4.80 5.45

% voids filled with bitumen 4.90 5.40

Flow value (mm) 4.80 5.00

Optimum bitumen content 4.90 5.20

Table 2 Results for both types of bitumen

Type of bitumen Wheel tracking (mm) Stiffness modulus
(Mpa)

Min strain rate (s−1)

60/70 4.30 139.50 1.15

Natural rubber
modified bitumen

2.80 365.80 0.18
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Fig. 1 The slabs after
compaction

Fig. 2 The slabs in the
machine

C. Asphalt Permanent Deformation Test

As in B, three samples were also prepared for both types of bitumen. Each sample
was tested using the same machine as indirect tensile modulus test at a temperature
of 25 °C. In this experiment, the samples were damaged because of the deformation
of the samples, as the number of cycles increased. At this point, the minimum strain
value can be achieved. The average value of minimum strain rate (s−1) is taken.

5 Results and Discussions

The following data show the performance results for conventional and modified
bitumen, respectively.
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Fig. 3 The machine for
indirect tensile modulus test

For wheel tracking results, it was observed that the conventional bitumen was
deepened by 4.3 mm, while the natural rubber modified bitumen has only 2.8 mm
depth after 40 min of testing. The distress of the pavements obviously occurs for
the conventional bitumen with the emergence of rutting on top surface of the slab
sample with more than 4.0 mm. According to Jabatan Kerja Raya (JKR) standard,
the acceptable maximum depth for rutting is 4.0 mm. The depth of rutting for mod-
ified bitumen is still under the limit. By looking at this result, we can say that the
modification of bitumen can increase the strength and enhance its durability.

The advantage ofmodified bitumen can also be seen through the stiffnessmodulus
and strain rate. We can see that the modified bitumen has more than double stiffness
modulus compared to the conventional bitumen. Same goes to the minimum strain
rate where the value for modified bitumen is less than one-sixth compared to the
conventional bitumen. It shows that, themodified bitumen is harder andmore resilient
to the higher loading, and thus provides better performance and services to the asphalt
pavement.
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6 Conclusion

A modification toward asphalt binder with natural rubber is an alternative way to
enhance the quality of the pavement. The performance results from the experiment
indicated that the modified binder was more sustained as compared to the con-
ventional asphalt mixture. Good effects can be seen in the rubber modified bitumen
through rutting, stiffness, and strain testingswhere the values given are really promis-
ing as compared to the conventional bitumen. These results are depicted to the actual
road performance under a genuine condition.
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Structural Behaviour of Strengthened
High-Performance Concrete-Filled
Double Skin Steel Tube Beams

Ehsan Nikbakht, Nur Illia Shuhadah, Ramanathan A/L Ganapathy,
Shukanthi A/P Subramaniam and Nabilah Abu Bakar

Abstract Recently, the use of concrete-filled steel tube (CFST) composite beams
has increased in the modern structural projects. In this study, the bending behaviour
of high performance concrete-filled double skin tube (HPCFDST) strengthened with
different CFRP layers is investigated. Mechanical properties of the incorporated
high-performance self-compacting concrete are investigated. The structural perfor-
mance of HPCFDST beam without CFRP layer as the control beam is compared
with the HPCFDST beams strengthened with two and three layers of CFRP. The
results show that the beam with CFRP sheets exhibited 19% greater load carry-
ing capacity compared to the control beam. The beam with three layers of CFRP
showed approximately similar strength, however, it exhibited greater ductility and
deformation capacity compared to the beam with two layers of CFRP.

Keywords Composite structures · Double-skin steel tube · Beams · High
performance concrete · CFRP

1 Introduction

The use of concrete-filled steel tube (CFST) composite beams has increased expo-
nentially over the past few years. In the concrete-filled steel tube (CFST) members
known as composite sections, which are a combination of concrete and steel, pre-
vent buckling of steel before the yielding and enable them to achieve full advantages
of both steel and concrete. To date, many researchers have conducted experimental
and analytical investigations on CFSTs in various forms, such as rectangular and
circular cross sections [1–4]. In recent years, concrete-filled double skin tube beams
(CFDST), which provide similar advantages as CFST but with lighter weight have
been introduced to industry [5]. CFDSTs are hollow section compositememberswith
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concrete filled between inner and outer steel tubes. They are usually being applied
as major structural members such as columns and beams because of their numerous
advantages such as high strength, damping and ductility [6–9].

The carbon fibre-reinforced polymer (CFRP) has been used to wrap the CFST to
enhance the performance ofCFST in termsof themoment capacity, energy absorption
and flexural stiffness [10–12]. In this study, CFRP is used to strengthen the CFDST
beams filled with high performance concrete (HPC). CFRP may control the local
outwardbucklingofCFDST,while the inwardbuckling is controlled byHPC.Todate,
there are still limited studies conducted on HPC-filled double skin steel tube beams.
Hence, the aim of this research is to investigate the performance of HPCFDST with
different number of CFRP layers. In this study, high performance self-compacting
concrete without coarse aggregates incorporated as a core between inner and outer
steel tubes are examined. A control beam without CFRP and two beams with two
and three layers of CFRP are investigated. Finally, the bending behaviour and failure
modes of the beams in terms of stiffness, strength and ductility are investigated.

2 Experimental Work

All experimented beams in this study have the length of 1.5 m. The cross-sectional
size of the outer steel tubes is 75 mm × 100 mm and the inner tubes is 25 mm ×
50mm. The thickness of the steel tubes is 2.3mm. Themixture design of the concrete
used is shown in Table 1. The concrete has a compressive strength of 85MPa. Further
information regarding the mechanical properties of HPC used in this study can be
seen in the earlier works [13]. In this study, the CFRP layers will be varied from two
to three layers. The wrapping schemewill be partial and unidirectional. The adhesive
material was used to bond the CFRP sheets with steel tubes with the ratio of 4:1 by
weight of resin and hardener.

The threeHPCFDSTbeams are subjected to four-point bending test. The strength-
ening schemes are conducted by partially applyingCFRP sheets to the beamas shown

Table 1 Mixture design of
HPC used in this study

Ingredient (kg/m3) Mix design

Portland cement 600

Fly ash 390

Silica fume 78.75

Water 194.25

River sand 480

Superplasticizers 45.15

Steel fibre 21.37

Quartz sand 154.35

Water/binder ratio 0.18
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Table 2 Beam specimens and the labelling

Beam labelling Number of CFRP
layers

Diagram

B-C −

B-2L 2

B-3L 3

in Table 2. In addition, the labelling of the beams is stated in the table: ‘B’ is beam,
and ‘2L’ and ‘3L’ represent the number of CFRP layers used. The beam surface was
cleaned with sand paper, grinding machine and acetone prior to bonding of CFRP
layers in order to ensure the beam is free from rust and painting. Three linear vari-
able displacement transducers (LVDTs) were used to measure the displacement of
the beams.

3 Results and Discussions

The load-mid-span displacement graphs of the experimented beams are shown in
Fig. 1. As can be seen from the figure, among all the beams, the beam B-3L shows
the highest load capacity of 64 kN, whereas the control beam without CFRP layer
(B-C) obtained the lowest strength of 51 kN, which demonstrates that CFRP layers
enhance the load capacity of the HPCFDST beams. However, as the results illustrate,
the beams B-2L and B-3L with two layers and three layers of CFRP, respectively,
showed approximately similar load capacities, however, the beam B-3L exhibited
greater ductility compared to B-2L. The reason for the less ductile behaviour of
B-2L compared to the control beam and the B-3L is due to the crushing of core
concrete before the yielding of steel tubes. As a result, the beam B-2L shows lower
deformation capacity where it fails at the mid-span with displacement of 40 mm as
shown in Fig. 2. The graphs in Fig. 2 are obtained from LVDT’s readings where
the LVDTs are located at the bottom of the beams. The position of LVDTs is at
the middle of the beam, and the distance of 325 mm from both supports. As can
be seen from figure, the control beam has the highest deflection, while B-2L has
the least deflection. Moreover, the control beam and B-3L showed approximately
similar deflection capacities, where they failed at the displacements of 72 mm. In
addition, as depicted in Fig. 5, the CFRP sheets on the surface of the beam B-2L
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Fig. 1 Load–displacement response of the beams

Fig. 2 Graph of displacement versus effective length
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Fig. 3 Failure of the control beam: top side (left), bottom side (right)

Fig. 4 Failure mode of the
beam B-3L

remain undamaged due to the low deformation capacity and consequently low level
of stress concentration at the surface of the steel tubes. However, the control beam
and the B-3L showed very ductile behaviour because of the yielding of steel tube
prior to the concrete crush, as depicted in Figs. 3 and 4. Buckling of steel tube was
observed at the top side of the control beam (B-C), whereas slippage of CFRP layers
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Fig. 5 Failure mode of the
beam B-2L

occurred in the beamB-3L. There is no crack at the bottom and no buckling happened
at the top of the beam as shown in Fig. 5.

4 Conclusions

In this study, structural behaviour of HPCFDST beams strengthened with CFRP
sheets was investigated. High performance self-compacting concrete without coarse
aggregates was used as a core between inner and outer steel tubes. The beams were
experimented under pure bending tests. The results showed that the beamswithCFRP
layers exhibited 19% higher load carrying capacity compared to the control beam.
Furthermore, it was shown that increasing the number of CFRP layers from two to
three had little effect on the ultimate strength of the beams. The beam with three
layers of CFRP showed a ductile behaviour due to great confinement provided by
CFRP layers, whereas the beam with two layers of CFRP showed brittle behaviour
due to crushing of concrete prior to the yielding of steel tubes. Slippage of CFRP
layers occurred for the beam with three layers at the load of 64 kN.
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Evaluating Passenger Load Factor
of Public Bus Services in West Klang
Valley
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Herda Yati Katman and Mohd Zakwan Ramli

Abstract The Klang Valley Network Revamp was established in 2015 by Suruhan-
jaya Pengangkutan Awan Darat (SPAD) to improve the public transportation service
quality in the Klang Valley. Upgrading the quality of bus services is one of the
government’s initiatives to improve public transportation in urban areas. This study
aimed to evaluate the passenger load factor of the public bus service in three different
areas of the Klang Valley. Three routes, each at five different areas in the west side
of Klang Valley were selected, which covered Klang, Shah Alam, Puchong, Kelana
Jaya, and Petaling Jaya, in order to identify the total passenger load at these selected
areas. The results showed that most of the routes have the Quality of Service (QOS)
A, and there were several aspects that should be improvised, such as the waiting time
during peak hours and the various destinations in the area of service.

Keywords Public bus · Services quality · Passenger load · Transportation ·
Quality of service

1 Introduction

Buses are themost important public transport services in theKlangValley.Buses have
the most passengers among the public transport services and make approximately
600,000 trips each day [5]. The major bus company that operates in the urban areas
of Klang Valley is the RapidKL service brand operated by PrasaranaMalaysia. There
were eight bus corridors that were revamped in December 2015 by the Land Public
Transport Commission (SPAD) that plies the Klang Valley area, which used to be
called the Klang Valley Network Revamp [9]. There are several attributes that affect
the service performance of different modes of public transportation. Bus service
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performance can be defined by attributes such as hour of service, service frequency,
and passenger load factor [12, 15]. A better service is needed for existing buses and
routes to be put in place to address under-served areas and neighbourhoods [9].

The Land Public Transport Commission of Malaysia had implemented a Bus
Network Revamp (BNR) on 1 December 2015 [2]. Under the BNR implementation,
existing bus corridors were reorganised into smaller corridors, namely the Jalan Ipoh
Corridor, Jalan Pahang Corridor, Ampang Corridor, Cheras Corridor, Sungai Besi
Corridor, Klang Lama Corridor, Lebuhraya Persekutuan Corridor, and Damansara
Corridor. TheKlangValley area lies in theKlangLamaCorridor, Lebuhraya Perseku-
tuan Corridor, and Damansara Corridor, which are serviced by RapidKL, Metrobus,
Cityliner, Seranas, and Causeway Link [6, 20].

In the towns of Klang, Shah Alam, Petaling Jaya, Subang Jaya, and Puchong,
the main public transportation system is the bus service [10]. However, several news
reports had been published pertaining to poor bus services in the Klang Valley [3,
19]. Therefore, there is a need to study the current state of those five particular areas
of public buses in order to provide a thorough glimpse of their service ratings and
performances [9, 13]. As for the bus services, most of the people who use Rapid KL
have resigned themselves to the fact that most of the time it seems like they do not
have a schedule or a timetable that they can stick with regularly [8, 16]. In addition,
there are numerous problems plaguing the passengers in the Klang Valley, such as
long waiting time (Service Frequency) [11], overcrowding, especially in peak hours
(Passenger Load Factor) [7], and poor management of bus service hours, which lead
to delays (Hour of Service) [1, 4].

The question that should be addressed regarding this issue is why the bus services
in theKlangValley area donot have agoodperformance; on the other hand, the quality
of service, particularly in terms of service frequency, hours of service and passenger
load factor are at a satisfactory level [14, 18]. In this study, the areas covered are the
west side areas of Klang Valley, which are the towns of Klang, Shah Alam, Petaling
Jaya, Subang Jaya, and Puchong, wherein there has been no comprehensive study
or paper published on the public bus services. Hence, in this study, several attributes
relating to the service frequency of public buses were identified and an evaluation of
passenger load factor and the hour of service of public buses were determined.

2 Methodology

The data collection activities were conducted at selected routes of RapidKL Bus. For
a RapidKL Bus, the total capacity is 65 passengers, consisting of 25 seated and 40
standing passengers. Meanwhile, the occupancy of bus was counted by recording the
in and out passengers at every bus stop, for at least three routes in each five different
areas in the west side of Klang Valley. The routes recording the in and out passengers
were Klang (Route KLG1, KLG2, and 704), Shah Alam (Route T757, T758, and
SA01), Subang Jaya (Route T776, T777, and T778), Petaling Jaya (Route PJ02,
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PJ03 and PJ04), and Puchong (Route T600, T604, and T605). The data collection
was done in different time frames identified as below:

• Peak Hours in the Morning (7 am–9 am)
• Non-Peak Hours of the Day (11 am–2 pm)
• Peak Hours in the Evening (4 pm–7 pm)
• Non-Peak Hours of the Night (8 pm–10 pm).

The data collection included weekdays and weekends. The total journeys for the data
collection were four journeys for weekdays and four journeys for weekends, for each
respective route in one area only. To sum up, the total journeys for one area was 24
journeys, while the total journeys for the total five different areas were 120 journeys
altogether. The conditions inside the buses are shown in Fig. 1.

As per the journey, the average passenger load was counted and the number was
divided to the number of seats to become the load factor. For example, if the average
passenger load of a bus was about 15 passengers and the number of seats was 25, so
the load factor was 0.60. Table 1 shows the quality of services for load factor with
QOS B for 0.60 load factor.

The analysis gave a QOS for every three routes in five different areas of the west
side of the Klang Valley for the load factor. However, the consideration of QOS for
every journey, on weekends and weekdays and peak hours or non-peak hours should
be differentiated. The results are presented in a graph to compare all the QOSs in
every route and a summary was made for the QOS for all three routes in each of
those five areas. Passenger load was calculated by dividing the total passenger by
the total seats provided in each bus as shown in Eq. 1.

Passenger Load = Load Factor = No of Passengers/No of Seats (1)

3 Results and Analysis

The data were collected for each selected route for each location. All the data were
summarised in Fig. 2. The three routes of each location from Klang (Route KLG1,
KLG2 and 704), Shah Alam (Route T757, T758 and SA01), Subang Jaya (Route
T776, T777 and T778), Petaling Jaya (Route PJ02, PJ03 and PJ04), and Puchong
(Route T600, T604 and T605) are presented as Routes A, B, and C.

From the graph in Fig. 2, it can be seen that the lowest passenger load factor at
Puchong was for route T605 (C) compared to the routes T600 (A) and T604 (B).
The reason could possibly be because the places covered by route T605 (C) were not
interesting as it mostly covered residential areas and the route was also quite short
compared to the other two routes. As for the route T600 (A), it did cover places like
shopping malls, which were convenient to passengers. Meanwhile, the load factor at
the Petaling Jaya area showed that the lowest passenger load factor was for route PJ03
(B) compared to routes PJ02 (A) and PJ04 (C). On the other hand, route PJ02 (A)
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Fig. 1 Data collection of the
selected routes

had the highest passenger load factor among the three routes, and the route mostly
covered office areas where the public went to deal with business or personal matters.
Thus, route PJ02 (A) had a high passenger load factor compared to routes PJ03 (B)
and PJ04 (C).

Comparison of passenger load factors could be made since these studies have
covered five different areas. To illustrate, a comparison can be made by riding all
RapidKL buses that covered the three routes for Puchong and Subang Jaya. On the
other hand, for Shah Alam, two RapidKL buses and one SMART Selangor bus were
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Table 1 Quality of services
(QOS) for load factor (Source
Transit capacity and quality
of service manual [17])

Quality of service Load passenger
(passenger/seat)

Comments

A 0.00–0.50 No passenger
needs to sit next to
another

B 0.51–0.75 Passenger can
choose where to sit

C 0.76–1.00 All passengers can
seat

D 1.01–1.25 Comfortable
standee load for
design

E 1.26–1.50 Maximum
schedule load

F >1.50 Crush load
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Fig. 2 The graph of load factor for routes at each location

taken in order to see the differences between these two operators, and it can be seen
that the load factor for the SMART Selangor bus that covered Shah Alam was quite
high compared toRapidKLbuseswhich fell intoQOSB.Apart from that, for Petaling
Jaya, the PJ City Bus was chosen since it is a free bus service, and also, to see the
consistency of this operator. As it can be seen from the comparison, there was only a
slight difference and the three routes still fall into QOS A. In this study, comparison
of the average of load factors on two different situations was also identified. Figure 3
shows the average load factor at the five selected areas. The graph shows that the
lowest average load factor was at Subang Jaya on a weekday, which was 0.11, and
the highest average of load factor was Klang on a weekend.

Passenger load is the factor between the passengers to the total number of seats
on the bus, where the load factor can be obtained in order to determine the QOS.
For the present study in the Klang Valley, the area is very wide and a few different
operators including RapidKL for Puchong, Subang Jaya, and another two routes for
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ShahAlamwere studied. Apart from that, other operators were the PJ City Buswhich
only covered Petaling Jaya, while one route for Shah Alam and two routes for Klang
were covered by the SMART Selangor free bus service. Comparison can be made
in the study as the data have covered five different areas in Klang Valley, where the
comparison can be made by riding all RapidKL buses that covered three routes for
Puchong and Subang Jaya. On the other hand, for Shah Alam, two RapidKL buses
and one SMART Selangor bus were taken in order to see the difference between
these two operators and it can be seen that the load factor for SMART Selangor bus
that covered Shah Alam was quite high compared to RapidKL buses which fell into
QOS B.

Apart from that, for Petaling Jaya, the PJ City Bus was chosen since it is a free
bus service, and also, to see the consistency of this operator. As can be seen from
the comparison, there was only a slight difference among these three routes which
all fell into QOS A for weekdays and weekends. Besides that, SMART Selangor and
Seranas buses were chosen for the Klang area in order to see the differences and the
efficiency of the new free bus service provided by the Selangor State Government
where the service was quite new compared to the Seranas bus which was really old
in providing bus services and it was not free. So far, for the passenger load factor, all
three routes for each of the five areas fell into QOSAwhere no passengers need to sit
next to another, except for the SA01 (A) route for Shah Alam, which fell into QOS B
where the passenger can choose where to sit, according to the Transit Capacity and
Quality of Service Manual for Load Factor.

4 Conclusion

This study was carried out to evaluate the passenger load factor of the public bus
service in five different areas. The results showed that most of the routes in the
selected areas had an average passenger load factor of less than 0.50, which fell into
the A quality of service. There was only one route in Shah Alam, SA01 (C), which
had an average passenger load factor between 0.50 and 1.0, which fell into the B
service quality. Besides that, weekdays had a lower average of passenger load factor
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compared to weekends. The result indicates that the average of passenger load factor
of public bus service would be determined based on certain routes and specific time.
There are certain routes and specific timeswhich have high average of passenger load
factors, such as routes for residential, university, and shopping complex areas. The
outcome of this study is very important to collect all necessary data and information
to improve public transport services in the Klang Valley. There are several routes
that could be added in the selected location in future, such as in Petaling Jaya, Shah
Alam, and Puchong, especially in peak hour period. These findings could also be as
key indicators for the effectiveness of the prior government’s policy. Further studies
in this area with a more comprehensive scope and coverage are highly suggested.
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Latent and Non-latent Building Defects:
A Literature Review

Roslan B. Talib and Mohd Zailan B. Sulieman

Abstract The alleged building defects are adversely affected starting from the
design part as the first defect possibly to have emerged. So far, there is no gen-
uine comprehensive guide that has been carefully gathered in an organized manner
to comparatively table out the design part focusing on building defects: latent or non.
As usual, the defects are expected to be existing right after the building’s rigorous
examination, especially during the building inspection period. It is invariably the
ambitious target of this empirical research to accumulate all the essential parts and
key pieces in an organized way, which is caused and found within the identified
twelve equivalent categories such as on building construction components that pro-
duce defects effect; indisputably seen or cleverly hidden or covered up. It is the key
target of the mission, anticipating to produce referred guidelines so that the people
involved within the building industry can look upon. The research intention, some-
how, is to look for the gap which, so far, nobody in the industry has attended to.
Once the gap has been positively identified, the proper and systematic cataloging
system can be undoubtedly produced and the fewer defects, latent or non-latent, can
be squeezed out and the construction process will be obtained at its excellent quality
by eliminating building defects. The paper concluded five main factors that greatly
contributed to cause the defects which are design factors, lacking referred data, water
seepage, dampness, and defects caused by fire.

Keywords Building defects · Construction defects · Latent defects · Non-latent
defects · Unseen-defects

1 Introduction on Defects

Built environment is a complex multidisciplinary field which propels efficient and
effective research that goes beyond the traditional approach [1–3]. As part of the built
environment scope, the present construction industry sector concomitantly within
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the Industry Revolution 4.0 era steps into the developed world and is getting more
industrialized, gettingmore advance and emergent day by day, undoubtedly including
Malaysia. Despite the development, construction industry is confronting one funda-
mental problem which is building defects. Project Managers, Building Maintenance
Managers, Building Contractors, and Design Architects or even Interior Architects
are consistently striving to overcome the challenge of defects in buildings, but it is
difficult to deal with it completely.

To start with, according to Jaspal et al. [4], a defect is invariably a building flaw or
design mistake that progressively reduces the economic value of the building and it
causes not an immaculate condition to the buildings. A construction defect can arise
due to many factors like poor workmanship or the use of inferior materials. Building
defects do not appear to be minimized despite recent advancements in building tech-
nology [4]. Some common defects caused by agents such as atmospheric pollution,
poor workmanship, or the use of inferior materials and climatic conditions are more
frequently found. Defective building construction does not merely contribute to the
rise of the final cost of the product, but also to the cost of maintenance, which can
be substantial.

Not only the defects are inadvertently caused but also can be seen by physically
visual above-grade condition; however, to make it latent, building or construction
defects have also occurred below ground as well. Given building foundation as one of
the examples, defective construction includes activities like inadequate compaction
of the soil not done to specifications which can lead to ground subsidence and an
eventual early deterioration of foundations. This may lead to the catastrophic failure
of a structure, and this is very dangerous to the austere exterior as well as the interior
of the building.

Conditions under which building construction takes place are often far from ideal
with the focus mainly being on speedy delivery. Defects resulting from inaccurate
construction method can be avoided by ensuring that proper inspection mechanisms
are in place. The comprehensive understanding of building defects and their apparent
causes are essential for better performance of any building. In general, building
defects fall into two categories: first, the defects that affect the performance and
function of the building and second, the defects that affect the external and internal
visual of the building.

2 Research Intent

The main objective of this research is the preliminary examination of defects and to
lessen the cost of construction, as well as improving the quality of materials used
in the construction. The occurrence of defects in construction will lead to a lower
satisfaction of the customers as well as a decrease in the progress reputation in the
buildingmarket: private or public sectors. Project owners have the right to ownquality
buildings with correct construction details especially for the Government who own
public buildings.
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Simply, the most primary reason is shoddy workmanship as they do not follow
the instructions which were given in the specifications; thus, they are responsible for
the occurrence of defects. A comprehensive inspection of work is necessary for a
building at a time interval throughout the life of a building. The lack ofmaintenance or
incorrect maintenancewill transcend to reduce the life of the building and reduces the
effective life of thematerials far lower than it should be achieved [5]. This succeeding
stage of the research is to concentrate on defects that occur in construction projects
after the handover of the project. Defect analysis is not a safety task because the
life of the building’s safety normally depends on the strength and durability of the
components of building and if the components are defect-free; ultimately, the owner
will get the best service life and safety.

Subhi et al. [6], Glover [7], and the National Building Agency [8] stated that
research shows that due to the construction defects, the cost of construction has
been increased and the life of the internal structures of the buildings are typically
decreased. The practical reason for the defects commonly found everywhere as men-
tioned before, i.e., due to poor workmanship, improper design, an essential quality of
materials, lack of supervision,wrong constructionmethods, or lack of comprehensive
inspection after construction, etc. [6–8].

After doing an intensive review on the rebellious subject, I had inevitably come
up with the graphic (Fig. 1) summarizing how to locate the unbridgeable gap to
be anxiously studied. After that, the next stage is to come up with an appropriate
theory to correctly solve the current scenario. The significant categories are somehow
related to each other. But somehow it was improperly unmeasured to reluctantly
produce the systematic identified defect issues or the GAP which can be used as a
stringent guideline derived from the peculiar four phase as indicated; thus, hoping
to satisfactorily solve the subject matter problems once and for all.

At this point, the loophole allegedly happened when there were no critical link-
ages among the four distinct phases of the construction period. It started from the
flimsy preconstruction period especially during the design process. Then during the
construction phase and during the post-construction period alleged defectswere inad-
vertently found, regardless latent or non-latent. These fundamental defects must be

Fig. 1 Four phase defects
components in building
construction categories
overly with the research GAP
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documented properly and systematically in a correct and proper order to intentionally
build in a reference guide for the related defects to be used appropriately to rectify
the ethical problem at any stage period of the process.

This conceptual paper is trying to conceptualize how the accumulation of all the
building defects, either latent defects or non-latent defects, can help to adjust the
existing theories from related or other fields, then it can help modify the framework
onto the new field in order to construct our own theoretical framework. The aim
somehow is also to validate and modify the existing concepts according to the con-
clusion results of the literature review. This can then even lead to a revision of the
concepts and theories or even developing new models that will be tested for the next
stage.

3 Latent Defects

The other problem is that we cannot see and find out what the defects of the build-
ings are. Some of these building defects cannot be searched diligently or viewed
favorably. Moreover, during the handover time, it is found that the building is in
good condition, but upon reaching the expired level, it is found that the building was
not. Researches on this type of building defect address this as latent defect. This
latent defect constitutes a fundamental problem in the construction industry as it is
indistinguishable and undetected. In the law of the sale of property (both real estate
and personal property) a latent defect is a fault in the property that could not have
been discovered by a reasonably thorough inspection before the handover period
to the tenant or client. Identical concept is applied to new Government constructed
buildings as well.

Furthermore, a latent defect is a flaw in building property you cannot easily spot
with a superficial inspection and that the building owner does not know about its
existence [9, 10]. This contrasts with a patent defect, which is a flaw that is relatively
obvious that you can usually spot easily. For example, if you represent the owner
of a building and notice a deep crack in the wall or a door with a hole, then these
represent examples of patent defects because you can recognize them quite easily.
However, latent defects could be rooms painted with lead-based paint, for example,
or a mould problem under the carpeting. These defects are not easily discoverable in
the absence of an inspection, and it is possible that the owner does not know about
them at all (Quickbooks.intuit.com/ca (2019)) [11].

Chong et al. [12] stated that it was impossible to identify all types of latent
defects without a good information source to rely upon. Designers frequently rely
on their own experience, some employ consultants, and a few have some sort of
database of past defects to guide them. But experience and research have showed
that many latent defects were repeated in many of the buildings and designers were
unaware of them. We must accept that it is impossible to eliminate all latent defects
in a building. However, it is possible to eliminate most latent defects through better
design only if the designers know about them. Designers are encouraged to manage

http://Quickbooks.intuit.com/ca


Latent and Non-latent Building Defects: A Literature Review 107

a database whereby latent defects could be traced and mistakes could be avoided in
their following designs. Such a database can be developedwith existing standards and
the information must be properly gathered systematically, especially from property
managers [12].

4 Defects That Cause Fire

Looking from divergent perspective, fires started in buildings are usually caused by
careless use of open fire (kitchen burners or even from cigarette butt), the failure of
indoor installation of building’s mechanical or electrical systems, or by lightning.
These defects related category, however, did not include fire which was created after
the gas explosion, for example. Interestingly, structural collapse leading to building
explosion or fire leading to collapse or damage to the construction are not among the
causes leading to the identified building defects.

Other than the abovementioned reasons, there are many causes for fires to occur,
especially in public buildings. Among the most common reasons are the representa-
tives of inadequate design of fire protection. This category can be accurately classified
into the design failure that can contribute to building defects. McDonald [13] sim-
ply explained the concerned terms; first, making adequate provisions to prevent the
structure from collapsing for a predetermined time required for occupants to allow
them to vacate the building; second, providing suitablemeans of escape; third, having
suitablemethods to prevent the fire from spreading by creating fire-resistant compart-
ments to contain the fire. Subsequently, poor building management by contributing
in allowing fire hazards to accumulate (such as rubbish, flammable furnishings, and
materials, etc.) [13]. Furthermore, lack of maintenance: faulty electrical installations
or malfunctioning sprinklers, alarms, etc. Lastly, careless acts such as work using
flames, or smoking, and lack of staff training for fire emergencies as well as human
error/negligence are considered to contribute to buildings defects term.

McDonald [13] again, mentioned that fire affects the number of lives lost and this
is caused by the smoke-induced asphyxia, collapse of the structural elements, and
victims jumping out of windows. First, the fire destruction of the building is due to its
fabric component elements and the contents of the flames. The fire will utilize every
available material as fuel: timber structure, furnishings, fabrics, finishes, etc. and
consumes it in the process. Second, the destruction, alteration, and damage caused
to the building elements by the excessive temperatures will cause them to expand,
crack, vitrify, plastify, melt, etc. [13]. Then, the damage caused to the fabric and
contents by the enormous quantities of water used to extinguish the fire. Last but not
the least, the damage caused by the mechanical collapse of structural elements of the
buildings hugely impacted on the interior part of the buildings. So, building defects
which have an impact on the creation of fire within the buildings are among the most
significant categories to investigate.
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5 More Review on Literature

The other part of building construction is to deal appropriately with building mainte-
nance when the buildings are ready to be occupied. However, building maintenance
remains an expansive item which requires careful attention from building owners,
occupiers, contractors, surveyors, architects, and in fact, every active member of the
construction industry. The National Building Agency (NBA) headquarters in Dublin,
Ireland, stated that the accurate diagnosis of building defects associated with the cor-
rect remedial action, serve as merely an economic basis for a successful building
maintenance programme [8]. Defects diagnosis merely remains as a logical way of
proceeding from the evidence to the cause of a defect, after which remedies can
be prescribed. It is critical not to have preconceived ideas on causes, nor to jump
to conclusions, otherwise, an incorrect remedy may be put in hand, perhaps more
expansive than necessary [14–16].

Mahli et al. [17] studied that the critical age of a building condition is within the
range of 11–20 years old where the number of building defects keep on increasing.
This is supported by their finding that two schools were found in dilapidated condi-
tions which were aged more than 20 years, within their 24 schools being studied in
the State of Sarawak [17].

With poorly repaired and cracked defects opened up again (due to the continuing
movement of the buildingwall), the interior space is seen physically greatly impacted.
It is necessary in the client’s best interests to refer a problem to a contractor rather
than to a professionally independent structural engineer. Glover [7] suggested that the
first matter to be carefully considered would be the available evidence of actual past
and the considerable damage to the structure under review, with regards to age and
all circumstances. Initially, any aboveground damages would need to be assessed,
for example, cracks in walls (inside and outside) and evidence of cognitive distortion
to windows and doors, reasonably not too deep soil foundation, sloping floors, and
irregular ceilings features [7].

Mahli et al. [17] again found that the building defects happened mainly on the
ground level with the most significant number of defect components found on the
walls. 16% of defects are wall cracks from 11 common defects and most of all
the highest score of defects happened to buildings aged 11–20 years [17]. However,
Harris [18] viewed and stressed out that unlike paintings or sculptures, people occupy
buildings, which makes those people vulnerable to the prospect that the building will
collapse, or that they may be trapped inside the building in a fire or trampled in their
effort to escape. There is no law or requirement that people must enter a building
regardless of the possible risk. Despite our apparently fervent desire to allow persons
to enter or occupy old or historic buildings, there is no absolute requirement for them
to do so [18].

Cook and Hinks [19] indicated that many materials used in construction are
porous. Ceramic andmasonry components retain various degrees of porosity depend-
ing on their composition and manufacturing, where cycles of wetting and drying can
make the material lose any water-soluble compounds present within it. This will
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expose a greater surface area to further effects, increasing the risk of immune defi-
ciency [19]. The moisture cycles will also cause movement of the material, which
will adversely affect durability process, thus, enhancing the building defects. Harris
[18] clearly stated that people did not have certain knowledge and they cannot gain
complete control over the progress of deterioration. As buildings age, the lines of
stiffness shift, the load-carrying distribution within the structure changes, and at the
macro-scale, no-load bearing elements begin carrying the load [18].

Harris [18] subsequently mentioned that the current state of design practice de-
emphasizes responsibility for the future of the building and there is a disjunction on
the part of the design totality from the world of cause and effect. If the designer calls
for a lime-stone façade in an acidic environment, the consequences are as predictable
as when the preservationist restores the same limestone item in a similar acidic
environment.Whereas the preservationist is expected to recognize the effects of acids
on the ionic salts, for reasons related to the emphasis on novelty and entertainment,
the architect can consider the limestone art and decline responsibility for its otherwise
predictable dissolution [18]. Designers and educators of designers must ensure that
buildings look good and they perform longer than it is required for the pretty initial
photo shoot. It is not the image just enough to satisfy our definition of design.

However, Cook and Hinks [19] indicated that where water penetrates organic
material, it can generate suitable conditions for the growth of fungi andmoulds. These
can undoubtedly break down the structure of the material, causing discoloration
and substantial loss of strength. The moisture content to support fungal attack is
frequently assumed to be 20%, although, once established, some rots can affect
material with lower moisture contents. In the case of timber, high moisture contents
are also associated with reductions in strength and dimensional instabilities [7, 19],
where the timber is subjected to drying and wetting cycles, the dimensional changes
will stress the already weakened timber and may hasten further deterioration.

Mills et al. [20] simply mentioned that defects have constituted a recognized
part of the building process. The most frequent defects were the roof leaking, albeit
based on a limited number of samples from the HGF database. The most expansive
water ingress claims occurred in the leaking windows and external water penetration
categories [20].

Lastly, Talib et al. [5] concluded that all the identified internal defects are typically
caused by one main treat which is water. They stated that there were five categories
that are derived from the five main internal defects which are dampness, cracks,
detach, wear and tear, and biologically caused defect category [5].With the condition
of shimmering haze that has been getting worse during the time of the article being
written, it is important to us to have an ideal internal detail design with minimum
defects as we may have to spend more time inside of a building than the outside.
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6 Conclusion

Dampness and unmistakable cracks represent common manifestation of possible
defects. Interior dampness can, however, frequently lead to cracks, undoubtedlymak-
ing it difficult to correctly determine the root cause and the appropriate action. Talib
et al. [5] succinctly summarized that building interior related defects can be conve-
niently divided into five (5) significant categories which are invariably dampness,
visible cracks, detach, wear and tear, and biological category [5].

The entire buildings are subjected to various forms of defects, failures, deterio-
ration, and variations [21]. The literature has explored several building defects and
contributing factors which can be associated with the major theme of this research.
Bakri and Mydin [21] stressed that it is significant to appraise each defect and ulti-
mate failure in every key part of the building and assuredly find out the primary
causes of each individual defect and failure. Under those circumstances, the remedy
procedure should be done correctly. The contributing factors to these fundamental
defects and failures must be investigated intensely. Once the possible causes of the
defects and failures were found out, it is imperative to distinguish how to keep away
from it in the future and reduce the effect to the minimum stage.

Having stated on the above matter, the graphic (Fig. 2) can be properly referred as
a published summary to the book-related reviews invariably done at this qualifying
stage. There are twelve optimal levels of distinct categories that have been pointed
out, showed and assuredly found in the scholarly journals, books, or online data
related to specific hidden defects or covered up fundamental defects in amicable
relation to the building construction part. Even though defects can be undoubtedly
related to the austere exterior of the notable buildings from the roof, building skins, or
even the foundation part, however, it is the interior part of the buildings indisputably
affected the most.

Fig. 2 Graphic
summarization of 12 levels
on literature research
depicting on latent defects in
the construction industry
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The last summary can be written as promptly follows: (1) So far, no systematic
crucial central documents on defects, especially on latent defects, have been pro-
duced as reference document to be used by designers, project managers, or building
managers. (2) Factual data will be popularly used for this empirical research, conse-
quently making this investigative report more comprehensive. Ready data are being
accurately identified from the local contractor who specializes solely on the rectifi-
cation of the building defects works. (3) Treat fire as the main contributor to latent
defects as when the building got burned and destroyed, unknown real legitimate
cause being positively identified but at the end, it is always due to the latent defects.
(4) Water is traditionally the most top contributor for the fundamental defects: latent
or non-latent, and extensive research must properly focus on this key issue, espe-
cially for civic buildings located within the tropical regions with more accumulated
rain-fall compared to other non-tropical territories [7].
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Lighting for Heritage Building: A Case
Study of the Lighting Design Applied
on St. George’s Church in George Town,
Penang Island

Alaa Abdalla Saeid Ali, Safial Aqbar Zakaria, Arran Chang Kien Guan
and Ch’ng Jack Shun

Abstract Light is one of the critical aspects of architecture, yet it is one of the
understated elements in our daily lives. Light has a significant spot to form events,
activities, and memories. Scientific studies have shown that appropriate and proper
lighting does not only affect humanhealth but daily humanmoods aswell. Nowadays,
lighting fixtures play essential roles in architecture and markets. A proper lighting
fixture helps to highlight the structure, textures, and form of the shape of a building.
However, the designers tend to focus more on the art aesthetics rather than the
conservation ethics, such as the colorful design and the attractive lighting fixtures on
the building, while the prime concern should be on realizing the impact of the lighting
fixture toward the environment. The objectives of this study are to highlight the issues
of the lighting system of the heritage building and suggest some recommendations
to meet the requirements for the heritage building for better lighting design. The
data for this research was collected using the quantitative method. Thus, as a result,
it is found out that lighting design highlights the historical building, and therefore,
attracts tourists, which benefit the economy. However, improper lighting installation
leads to a negative impact on the society and human health.

Keywords Historical building · Lighting design · Conservation · Preservation ·
Art and history · Light fixtures

1 Introduction

The design of heritage buildings in Malaysia has its uniqueness and meanings in
every particular place, especially in Penang Island, which is known for its famous
historic George Town, a UNESCO World Heritage Site. It has attained UNESCO’s
Heritage City status and is exposed to artificial lighting consideration by Penang
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State Government improvement plans [1]. Fortunately, people nowadays have started
to notice these buildings and appreciate them. The government performed a lot of
conservation works and renovation on heritage buildings instead of demolishing
them. By doing this action, it has retained the uniqueness of the buildings; at the
same time it has enhanced the aesthetic value of the heritage buildings. The Penang
state government has also studied it, tomeasure the nature and extent of the building’s
lighting issue [1]. By adding lighting fixtures, the buildings become more noticeable
during night time. Friebe (2007) stated that artists had opened people’s eyes to a new
way of comprehending things and relationships because lighting design has played a
more or less subordinate role in architecture [2]. However, excessive lighting exposed
during night time will lead to light pollution, which might bring harmful effects on
human, animals, and plants. This paper demonstrates a case study of the lighting
design applied on St. George’s church in George Town in Penang Island. In this
study, the researchers will further discuss some effects of lightings at night and also
give some suggestions toward the lighting fixtures that can balance up the function
and the aesthetics of the buildings.

2 Objectives

I. To analyze the lighting system of the heritage building.
II. To identify the issues caused by the lighting of the heritage building.
III. To propose a better lighting design for the heritage building.

3 Research Method

For this study, the researchers have decided to use a combination of three research
tools, which are observation, measuring tools, and reading database. First, the obser-
vation method is used for collecting data about the lighting of the heritage building.
In this method, the primary data was collected through site observation; the site is
at St. George’s Church in Georgetown, Penang. Researchers have visited the site at
different timings during daytime and nighttime to observe and determine the dif-
ferences in the condition of the building with daylight during daytime and artificial
lighting during night time. Through this observation, the issue as well as the impact
of the lighting was examined during different periods. Besides that, the characteris-
tics of the visual environment as well as the types of light sources that applied on
the exterior building or the surroundings of the building and the design arrangement
of the lighting fixtures were reviewed. Second, the Lux meter was used to gauge
illuminance of the lighting fixtures at different distance to the surfaces of the build-
ings in different periods. The data was collected and analyzed to explain the impact
on the building and the effects on the environment. The quantitative method was
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used in collecting the data. Finally, the information was collected and the references
including the research through library and Internet research were used to determine
further explanation of this research. The sources to collect the information for this
study vary, for example, journals, articles, books, papers, magazines and internet
databases.

4 Description of the Heritage Building

The heritage building for this research is the St. George’s Church, Penang
(5°25′11.0′′N 100°20′20.8′′E) [3]. The building is the oldest Anglican Church in
Southeast Asia, which is located in the historic city of George Town, Penang. The
church is known for its Francis Light Memorial and one hugeMahogany tree located
at the site. St. George’s Church is one of the UNESCO’s World Heritage Sites. It is
located at the historical site of George Town with many heritage buildings around
that area, such as Penang High Court Georgetown located opposite to it and Church
of the Assumption, which is located along the same street.

The St. George’s Church was built in 1816 and was completed in 1818 when
Colonel J. A. Bannerman was the Governor of Penang. The St. George’s Church was
built with clay brick, stone, lime plaster, timber, marble, and terrazzo. Initially, St.
George’s Church was built with a flat roof, but then it was covered by a pitched roof
using Marseille tiles due to roof leakage. This pitched roof has remained until today.
Restoration works had been done on this building in 2010 after being diagnosed with
numerous problems. It has been covered by a new coat of paint, which shows the
elegance of the building.

The Research 
Methods

Observation 
(site in depth 
observation) 

Reading Data base 
(information 

sources e.g books, 
journals, library and 
internet database)

Instruments
(measuring tools 

e.g lux meter)
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5 Findings and Discussion

5.1 Social Impact on the Implementation of the Lighting
Fixture

The implementations of lighting fixtures onto historical buildings had given some
impact to society. Lighting fixtures create a sense of drama and art to the building
itself. Proper lighting fixtures help highlight the identities and history of historical
buildings. In another way, this can benefit the country by growing the economy
through tourism when the building becomes a landmark and attractive to tourists.
However, an improper installation of lighting fixtures can be harmful to the society.

5.2 Primary Functions and Goals of the Lighting System

For most kinds of lighting systems, the luminous effect is determined by 4 factors:
the lighting source’s intensity, which depends on direction and characteristic; the
geometry where the light interacts with the receiving surface; the receiving surface
that modified the light to become the secondary light by reflection, which depends
on redirection and coloring of light; and the person who views the lighting source
and illuminated surfaces as he or she moves around [2]. The primary function of
the lighting system is to strengthen the visibility of the structure of the building to
the human eyes, especially during night time and low daylight conditions. Adding
artificial lighting to the buildings helps attract the attention of the tourists. Besides
that, lighting can affect the mood of people just by using different colors of light.
Choosing proper colors of light can enhance the overall aesthetic value of the build-
ings. The lighting system also functions as guidance for people. For instance, the
lighting system implemented in St. George Church along the corridor is to show a
clear direction of the pathway to the people. Furthermore, lighting plays a vital role
in enhancing the details of the heritage buildings through the shadow casting on the
buildings which creates contrasts.

5.3 Types of Light Sources and Design Arrangements

The type of light source installed on St. George’s Church is floodlight. The floodlights
were located in front of every column. The placement of the floodlights was too close
to each other, which caused the building to be overexposed. The high intensity of
light reflected on the white surface of the building has caused glare to the human
eyes. Floodlighting of buildings should be unobtrusive and set within the landscape
and not attached to the building. Floodlights used on buildings must be natural white
light.
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5.4 Characteristic of the Visual Environment

BasedonFig. 1, the formand the shape of the heritage building of St.George’sChurch
can be seen under the daylight, and the structures and textures of the building are
highlighted during the daytime.

During the night time, the visual of the building is shown in Fig. 2. The lighting
fixture has been arranged and appropriately installed in the form of a column by

Fig. 1 The building during day time under natural lighting

Fig. 2 The building during night time, under artificial lighting [4]



118 A. A. S. Ali et al.

column. The installation of the lighting fixture does help to enhance a particular area
of the building. However, the exposure of the lighting, which is projected on the
white surface of the building has created unwanted glare that can give some impact
to the environment.

5.5 Key Design Factors and Criteria of the Lighting System

The luminance level of the daylight is sufficient enough for the building to be visible.
Theuniformlydistributeddaylight is themost comfortable lighting to the humaneyes.
Natural daylight is hard to be compared the artificial lights. However, the presence of
artificial light cannot be neglected as it is crucial when there is no daylight. Sufficient
amount of artificial lighting can enhance the details of the building, but an excessive
amount of light will cause light pollution.

According to the luminance level that has been collected using the lux meter,
the luminance from the floodlight in front of St. George’s Church is approximately
around 30–40 lx. The researchers recorded the luminance level from different angles
of the building and the luminance level was between the ranges mentioned above.
From what the researchers observed, the floodlight was emitted from the ground
toward the building; hence, high intensity of light is focused on the lower part of the
building and gradually faded while moving upward.

For the type of light source, use lowpower input light source to reduce the intensity
of the light. This is to avoid the cause of glare to our eyes and reduce light pollution
to the environment. Light output could range from 2600 to 135,000 lumens (1 lx
= 1 lm/m2) [5]. Besides, a light source with high luminaire efficiency should be
used in the building. The high efficiency of the luminaire can reduce the waste of
energy consumed, while at the same time, it can reduce the cost. The finishing and
appearance will also affect the lighting system. For St. George Church, the surface
of the building is painted in pure white. The highly reflective white surface requires
the comparatively low intensity of light to have a bright appearance. An excessive
amount of light reflected from the white surface will cause glare. Lastly, for the color
of the light source, warm color light should be used, which is less harmful to our
health. This is due to the fact that a color with more cooling temperature consists of
higherwavelength compared to awarmer color.White light is defined as the complete
mixture of all of the wavelengths of the visible spectrum [6]. In fact, in the spectrum
of light wavelength, if the color of a surface is anything other than white, it means
that it absorbs light of some wavelengths [7].
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6 Conclusion

In summary, lighting is an essential element in architecture. Buildings require both
natural lighting and artificial lighting from the inside to the outside. This is due
to the fact that the lighting is interconnected closely with our daily life. A good
design of lighting can bring life and meaning to the building. It enhances the visual
appearance, and themood created by the buildings. The amount of light used depends
on the intention of the designer. However, it can become an issue when the lighting is
designed without consideration of health and social impacts. The extreme intensity
of light will cause light pollution, which is harmful to the environment. Nowadays,
technology has become much more advanced than in the past. There are artificial
lightings, which are eco-friendly, which the designer should consider. However, a
good architecture building design will never neglect the beauty of natural lighting. It
is the most suitable and comfortable lighting to humans and the environment, which
can never be completed by the artificial lighting.
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Analysing Architecture: Dissecting
the Malaysian “House”

Veronica Ng and Heffrence Teow

Abstract One of the areas of interest in architecture is the rhetoric of: What is con-
temporary Malaysian architecture? While there are publications that documented
Malaysian architecture, the current state of documentation and research on recent
and contemporary architecture suggests a need to take a more critical look into the
design thinking and narratives of contemporary Malaysian architects and architec-
ture. This paper contributes alternative views on recent and contemporaryMalaysian
architecture by examining the design thinking and narrative of Malaysian architects.
Through interpretive research, this study analyzes eight houses completed between
1980s and the present, informed by a synthesis of architects’ interviews, observations
through fieldwork, and analytical and diagrammatic studies following the framework
of Simon Unwin and Geoffrey Baker. The research argues that through dissecting
architecture, the discursive relations between context, form, space and practice offers
a critical approach to identify themes that define Malaysian architecture.

Keywords House ·Malaysian architecture · Design thinking · Interpretive
research · Diagramming

1 Introduction

Since the last few decades, the rise of postmodernity, which is premised on ideas of
plurality and multiplicity, has informed a diverse palette of architectural outcomes.
At present, the power of image via websites, such as Archdaily, Contemporarist,
and Dezeen, and web apps, such as Pinterest provides unlimited access to visually
powerful images of architecture, and hence, forming the backdrop to contemporary
architecture, which is succumbed to the influences of global language, a language for
“all” rather than one that is specific to its context. The influence of the global image
is further compounded with the lack of publications on context-specific architecture,
particularly in Malaysia, and the architecture education that teaches us Western his-
tory. As such, architecture is being reduced to images, rather than the intellectual,
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the contextual, and the narration of meaning that is an outcome of the explorative
process of design. Despite the diversity and uniqueness, there are limited publica-
tions and studies that question the intellectual contexts and complexity of Malaysian
architecture.

2 Literature Review

Within the Malaysian architecture scene, one of the key moments of clarity on the
definition of Malaysian architecture was the architecture of nation building during
the 1960s to the 1980s by the first generation ofMalaysian architects and the pioneers
of local Malaysian architecture, witnessed through buildings, such as the National
Stadium, the Parliament House and among others. Recent publications onMalaysian
architecture, particularly in its formative years and on modern architectural heritage,
named as Shapers ofModernMalaysia [1], TheLivingMachines:Malaysia’sModern
Architectural Heritage [2], Architectural Heritage (Kuala Lumpur Pre-Merdeka) [3],
Building Merdeka: Independence Architecture in Kuala Lumpur 1957–1966 [4].
To date, publications on recent and contemporary Malaysian architecture reflect
several directions. First, publications on Malaysian houses and how they are cultural
and tropical responsive, such as Recent Malaysian Architecture [5], Tropical Style:
Contemporary Dream Houses in Malaysia [6], collection of contemporary houses
in the NewMalaysian House [7], Rethink—A New Paradigm for Malaysian Timber
[8], and design showcase of luxury Asian homes in Sustainable Asian Houses [9].
Second, publications on architects’ portfolio of works through monographs, such as
Homes, Issues + Processes: design collective architects [10], ATSA Monographs
[11], and anthology such as Malaysian Emerging Architects: 30 Under 40 [12].
Third, documentation of Malaysian architecture in the form of exhibition/exhibition
catalogs, published books, journals and magazines, namely, Architecture Malaysia,
the official magazine of the Malaysian Institute of Architects. While the publications
document the breath of Malaysian architecture, there are opportunities to develop
an understanding of recent and contemporaryMalaysian architecture. Through these
publications, the underpinning architectural thinking is viewed as a backdrop, rather
than playing a pivotal role in the production of architecture.

Anchoring from the research standpoint, the question of identity is central, par-
ticularly the rhetoric of “what is Malaysian identity?” In the book Malaysian Archi-
tecture: Crisis Within, Professor Dr. Mohamad Tajuddin commented on the lack
of research about Malaysian architecture. Tajuddin [13] critically questioned: Do
we have an architectural identity? What future does a Malaysian architectural iden-
tity have? Drawing from history to the postmodern, he suggested the presence of
Malaysian identity and he classified the diverse approaches toward identity-making
in Malaysian architecture, alluding to the nature of identity as one, which is diverse
rather than Malay-centric, and the notion that Malaysian identity is portrayed in
myriad ways, such as through revivalist approach, primitive regionalism, ethnic
symbolism, and tropical heritage [13] (p. 18). Coming from similar basis, the recent
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book titled Theorizing Emergent Malaysian Architecture [14], theorized works of 10
architectural practices, and argues for diversity of approaches in defining emerging
approaches towards Malaysian architecture.

The current state of documentation and research on recent and contemporary
architecture suggests a need to take a more critical look into the design thinking
and narratives of contemporary Malaysian architects and architecture. Moving away
from the documentation approach, and the periodization as well as the identity dis-
course, this research calls for the need to critically examine architecture, in order
to reveal the principles that drive the design thinking and narrative of the architect.
It aims to identify alternative views on recent and contemporary Malaysian archi-
tecture through theorizing projects. Through analyzing architecture, as Unwin [15,
16] argued, one is enabled to make sense of the complex and diverse aspects of
architecture.

Within this discourse, the typology of “house” appears to be a relevant object
for study. The design thinking of architects are often experimented and expressed
through the design of the “house”, either the architect’s house or a house, which
is representative of the underpinning philosophy and position of the architect; For
example, Le Corbusier and the Villa Savoye, Mies van der Rohe and the Farnsworth
House and Robie House, Robert Venturi and the Venturi House, and Peter Eisenmen
and House I-X, among others. The house forms an ideal object for the manifesto of
architectural ideals due to its complexity albeit its relatively intimate scale compared
to other building types, which allows for critical and thorough analysis.

In its pragmatic sense, the “house” is indeed one of the most common building
typologies in architecture. Theoretically, the notion of the “house” is a rhetorical
question, which appeared in historical and contemporary discourse on architecture.
What is a “house”? Why the problem of the house? Amidst the transient nature of
contemporary life, the explorations of the house have the propensity to offer ways
of defining architecture of today. The discourse on “house” is interesting because
the house is a theoretical concept, as well as an object of architecture, which is most
“patronized”. Taking this as a point for departure, this research examines the design
thinking and narrative of Malaysian architects by using the “house” as object for
analysis. In order to achieve the aim, this study analyzes the house as an architectural
construct, and theorizes it as an architectural form, which reflects the design thinking
and narrative of the architect.

3 Materials and Methods

Through interpretive research, this study proposes to analyze eight (8) houses through
a cross section of time:

1. Salinger House (1988)—Jimmy Lim;
2. Roof-Roof House (1991)—Kenneth Yeang, T.R. Hamzah and Yeang;
3. Wooi Residence (2004)—Wooi Lok Kuang, Wooi Architect;
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4. M +M House (2009)—Mike Boon, Arkitek JFN;
5. S11 (2013)—Dr. Tan Loke Mun, Archicentre;
6. 38Mews (2015)—Chan Mun Inn, design collective architects;
7. Chempenai House (2015)—WH and BC Ang, WHBC Architects;
8. Twinkle Villa (2016)—Chan CY, CY Chan Architect

These houses are combinations of architects’ houses as well as representatives of
the philosophy of the selected architecture practice. To limit the scope of research,
the criteria for the selection include: The houses are designed by Malaysian regis-
tered architects; The houses have gained international/national recognitions through
awards or publications; The architects are known regionally or globally; The houses
must be completed within the timeline of 1980s to the present.

Qualitative by nature, the interpretation is informed by a synthesis of interviews
carried out with the selected architects, and observations through site visits and
analytical and diagrammatic studies on the selected houses. Interviews and obser-
vations through site visit offer the experiential aspect of the houses. The interviews
are conducted to collect data on the philosophies and the background of the selected
architects, and the process of design, while the site visit will offer data on the expe-
riential qualities of the space and the relationship of the architecture to its contextual
and cultural conditions of the site. Subsequent to the interview and observations,
the eight houses will be analyzed by using the frameworks adapted from Simon
Unwin [15, 16] and Geoffrey Baker [17]. In order to “make sense of the complex
and diverse aspects of architecture”, Unwin [15, 16] analyzed architectural ideas
developed and shown through drawings, where interrogating the published materials
is part of the analytical process; And redrawing the plans and sections of buildings
under scrutiny is an essential part of that interrogation. Starting from Unwin’s first
analytical book, Analyzing Architecture to the Twenty-Five Buildings Every Archi-
tecture Should Understand, the conceptual framework of analysis are as follows:
identification of place; basic elements; modifying elements; primitive place types;
temples and cottages; geometries of being; ideal geometry; stratification; space and
structure; parallel walls, transition, hierarchy, heart; and others.

In this research, these aspects of analysis are conducted via diagramming which
draws precedence from Baker’s Le Corbusier, An Analysis of Form. Baker’s study
focused on architectural organization by examining Le Corbusier’s manipulation of
form. The analysis on the aspects of form examined the site forces, centroidal and
linear form; dynamics of form (core systems, linear systems, axial systems, enchelon
and radial systems, and interlocking systems), and form distortion. In order to do this,
a diagrammatic method of analysis is used, which dissects the form in order to show
how the various elements are related to each other and to particular site conditions,
and to reveal certain principles of design that can be discerned in Le Corbusier’s
works.

Both Unwin and Baker’s works form a theoretical framework to study the eight
houses, with the use of diagrammatic methods of analysis. This analytical approach,
in addition to the interview and site visit, offers formal and experiential means of
understanding about where the architect’s design thinking (where do ideas) come
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from, and how are they executed into tangible built forms and environments. Sub-
sequently, the analyses of the eight houses will be compared to identify themes.
These themes will be discussed and relationships will be drawn in order to identify
an alternative way of understanding the Malaysian architecture.

4 Discussions

The implications of the findings point toward the house as an architectural construct
emerging from the discursive formation of idea. The house is more than a material
form; it is a discourse in itself. The findings echoed the concluding words by Unwin
[16], who argued that the building is a medium. “Physically, sensually, psycholog-
ically, socially and emotionally, and architecture is without doubt, the richest of all
the arts.” [15] (p. 269)

Based on the data collected through field works, interviews, and literature, each
house has its central characteristic that defines its architectural construct.

• Salinger House redefines the ideas of vernacular architecture/tropical architecture
• Roof-roof House is amodern interpretation of tropical house based on bio-climatic
architecture

• Wooi’s Residence is an interpretation of individual and collective spaces based on
the notion of enclosure and intimacy

• M +M House is about the idea of the collective and the open.
• S11 is an interpretation of tropical resort living, and an exploration of Green
Building Index (GBI) idea

• 38 Mews is about the idea of an oblique modern form.
• Chempenai House is about the negotiation between construction/structure, site,
and client.

• Twinkle Villa is about a dialog between form, site, and space. The site becomes a
powerful tool that choreographs the form.

While the house has been an object for analysis in this study in the above analysis, the
architect’s design thinking and narrative is central to the production of the house as
an artefact—a discursive object within the discourse on architecture. This is aligned
to and extends discussion of the house in current book publications, positioning
the house not only as an artefact, which is contextual to Malaysia, but also as an
architectural typology that is positioned as an idea and practice.

The implication of the findings derived from the eight houses suggests that the
house is an architectural typology that has diverse interpretations; the commonality
is that the house becomes impetus to design thinking that drives the architectural
practice of these architects. Although the houses are from the period of 1980s to
the present, the findings suggest the importance of the house as a common object of
architectural discourse in relation to practice.
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• Yeang sees the house as a “machine” toward an exploration of bio-climatic system.
• Jimmy Lim sees the house as a typology for exploration of tropical and vernacular
architecture, the common sense of responsive architecture within its context.

• Wooi sees the house as a sacred typology.
• Boon views the house as a simple form restraint from excessive embellishments,
very much simplified to the notion of shelter (metaphoric of a chicken coop).

• Tan Loke Mun views the house as an experimentation of idea and ideals of green
architecture, and extension of exploring resort living.

• Chan reflects that the house is about one’s personal ideal and it relates to
customization and personalization.

• Ang B.C. views the house as a “house”, without much association to theoretical
underpinning, but rather the task is to find inconsistency in the contexts, rather than
working with a prescribed set of “habits”, which may lead to egoistic architecture.
The house is indeed a modest answer to the question related to the “problem” set
for each house.

• While C.Y. Chan’s practice focuses more on public buildings and high-rise archi-
tecture, the house is an emerging form that enables expressions of the individual
client.

However, the relationship between the house and the design thinking is not direct.
The synthesis of the findings illustrates that both design ideas and design think-
ing/narratives of architects are discursive bynature; i.e., they are inter-relatedbetween
different conditions that shape architectural space, structure, and form. Within this
web of relations, the house is a discursive object positioned within the broader
discourse on contemporary Malaysian architecture.

5 Conclusions

The findings of this study illustrate the richness and many dimensions of architec-
ture—there ismore to architecture thanphysical appearance. These analyses illustrate
that there is no single way to do architecture. But these analyses also show that build-
ings designed according to different attitudes, techniques, and methodologies can be
studied using a consistent conceptual framework (when used selectively rather than
a checklist) to define the underlying architecture of particular buildings.

At the outset, the houses chosen for analysis are those of architects or closely
reflect the architect’s body of works throughout 1980s to the present. From this, con-
sistent yet diverse themes toward the design thinking and narrative of Malaysian
architects emerged: typological, psychological, space, personal, explorative, and
methodological. These themes emerge from a network of discursive relations
between the built form, design thinking, and narrative of the architect, and other
generative forces of architecture. Synthesizing the themes, there appears to be three
aspects to the design thinking relating to space, person, and methodology (practice).
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This interpretation expands the understanding on contemporary Malaysian archi-
tecture. Firstly, it reinforces the notion of architecture beyond a physical object; more
so, it should be understood beyond the descriptive stance. As much as the study of
architecture, this study argues for a critical look at the nexus among architecture as an
object, idea, and a practice—repositioning of the object/building/architecture as part
of the discursive formation of the discourse on contemporary Malaysian architecture
rather than merely a product that represents it.

While the analysis reveals themes of design thinking and analysis of the house, it
suggests that in order to understand contemporary Malaysian architecture, the house
(object) should be viewed as part of the discourse of contemporary Malaysian archi-
tecture. From the critical study of the design thinking and narratives of contemporary
Malaysian architects through the eight houses, the findings showed the relationship
of generative and discursive forces in relation to the production of architecture.

It casts light on alternative views on recent and contemporary Malaysian archi-
tecture, viewing architecture as a discursive artefact that defines and is defined by
the intangible conditions, particularly the architect as an agent of the production of
architecture. It means, when we study architecture, we should study the relationships
rather than the outcome. Future research may pursue on the analysis of architectural
object as part of the discourse on contemporary architecture.
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Assessment of Building Façade Thermal
Performance for the Potential
Application of Phase Change Materials
(PCMs) in Malaysia, a Case Study

Zeyad Amin Al-Absi, Mohd Hafizal Mohd Isa and Mazran Ismail

Abstract Phase change materials (PCMs) can be applied in buildings to reduce
daily temperature fluctuation and shift the peak temperature occurrence, hence, pro-
viding more thermally comfortable environments. This approach helps in reducing
the energy consumption associated with the use of mechanical systems. The main
concept of PCMs is to absorb the extra ambient heat during the day time and reuse or
remove it during the night time. Therefore, it is crucial to have an ambient temper-
ature fluctuation in order for PCMs to efficiently work. This paper investigates the
potential application of PCMs in building façade within tropical climates to reduce
the overheating due to the direct solar radiations received by building façade. A
building was selected to conduct measurements on its southern and northern opaque
façades during the period in which the sun is facing the southern façade. Measure-
ments included the external surface temperature (T se), internal surface temperature
(T si) and heat flux of the selected facades, as well as the indoor air temperature (T ai)
and global solar radiation (GSR). It was found that the southern façade was highly
influenced by the GSR and reached maximum T se of 44.81 °C compared to 32.63 °C
for the northern façade, which was almost constant through the measurement period
regardless of GSR. In addition, the effects of the high T se on increasing T si and, then,
T ai was clear. Furthermore, high daily fluctuation of T se was observed that reached
up to 18 °C, which might propose a potential area for the application of PCMs to
reduce the overheating caused by the direct solar radiation. Finally, analysing the T se

of the southern facade during the sunniest days indicates that the optimum transition
temperatures for the PCMs selected for the application in the investigated conditions
could be between the range of 30–36 °C.
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Keywords Phase change materials (PCMs) · Thermal energy storage (TES) ·
Building façade · Direct solar radiation · Surface temperature

1 Introduction

Nowadays, buildings’ designs have become more than aesthetics and space require-
ments. They must be designed in such a way that they react with the surrounding
environment [1]. For instance, building fabric should be selected and designed to pro-
vide more thermal stability for the internal environment in order to prevent the high
usage of mechanical cooling/heating systems, which is associated with high energy
consumption, causing buildings to account for 40% of global energy consumption
[2].

Passive design strategies utilize the energy available from the natural environment
to be used in buildings for heating and/or cooling purposes. This is achieved by heat
absorption, prevention or dissipation based on the surrounding environment [3]. The
ability of the building’s fabric to improve air temperature and thermal comfort of
the internal spaces by exchanging the heat is known as the thermal performance of
a building [1]. Passive design strategies are promising alternatives to conventional
heating and cooling systems [3] and may become more helpful for some types of
buildings (i.e. residential buildings and some small commercial buildings), which
are associated with the low density of lighting, equipment and occupants [4]. Since
building envelope plays a key role in controlling the effects of external weather
through the control of heat transmission into the building, it is linked with many
passive techniques that address wall and roof insulation, fenestration areas and the
type of glazing [4].

Thermal energy storage (TES) is a useful sustainable passive technology that
can be used in building fabric to improve heat exchange and energy efficiency and
to minimize energy consumption [5]. TES can store the available unwanted heat
and reuse it once needed, which handles the mismatch between the energy’s supply
and demand [2]. Heat can be stored in three types: sensible heat, latent heat and
thermochemical of which, the latent heat is the most efficient that stores a higher
density of thermal energy with smaller changes in temperature. Materials that can
store the latent heat through a change in their phase are known as phase change
materials (PCMs) [3, 6]. PCMs have proven their effectiveness in lowering the indoor
temperature, providing thermally comfortable environments and reducing energy
consumptions [2].

Different types of PCMs that have a wide range of transition temperatures are
available. Selecting PCMs’ transition temperature range is influenced by climate,
system type for PCMs application or its position in the building [7]. In addition,
the optimal transition temperature for PCM layers is influenced by the temperature
of the ambient environment [8]. PCMs work by changing their phase from solid to
liquid and then back to solid. Achieving a daily complete thermal transition cycle is
crucial for the efficient performance of the PCMs. Hence the ambient temperature is
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Fig. 1 Heat transfer in building opaque façade adopted from [10]

required to have a temperature fluctuation in which the PCMs can efficiently work
and reduce this temperature fluctuation. According to Khadiran et al. [7], the diurnal
temperature fluctuation must be suitable to allow a full thermal cycle of the PCMs.
In addition, it was suggested to be more than 10 °C in order to ensure complete PCM
transition cycles and effective performance [9]. The indoor environment of different
buildings with different orientations have been evaluated as part of this research.
However, the results showed a limited indoor air temperature fluctuation with an
average of 2 °C to 4 °C, which indicates unsuitability of the indoor environment for
the application of PCMs.

On the other hand, building façade receives the direct solar radiations and is
considered the first protection aid for the indoor environment against the outdoor
extreme weather conditions. Building façade receives the heat on the external sur-
face by radiation and convection, transfers it by conduction through its section to the
internal surface, then, by radiation and convection to the indoor environment (Fig. 1).
Therefore, in this paper, the effects of the direct solar radiations received by build-
ing façade on raising its external and internal surface temperatures and indoor air
temperatures due to the heat transfer through building façade were investigated. This
investigation looks for the potential of PCMs’ application in the external surfaces of
building façade to reduce the overheating due to direct solar radiation.

2 Methodology

This work required conducting fieldmeasurements on building façadeswith different
orientations to compare two scenarios: façade exposed to the direct solar radiation and
façade not exposed to the direct solar radiation. Based on the sun path of Penang,
the sun reaches the farthest point to the south on 21 December and the southern
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façade receives the maximum direct solar radiations while the northern façade is in
the shade. Therefore, the measurement period was planned to start at this point and
onward. For the measurements purpose, an apartment with three bedrooms at N-Park
condominium, Penang, Malaysia, was selected, in which one of the bedrooms has an
external wall orientated towards the south, while another bedroom has an external
wall oriented towards the north. Therefore, these two bedrooms were chosen to
conduct the required field measurements on the southern and northern facades. The
wall was constructed from 100 mm of concrete and 10 mm of cement plastering.

The required parameters in this work are external surface temperature (T se), inter-
nal surface temperature (T si), heat flux, indoor air temperature (T ai) and global solar
radiation (GSR). The instrument used in this work was BABUC/M data logger with
the required sensors (i.e. surface temperature, heat flux, air temperature and global
solar radiation sensors) manufactured by LSI LASTEM, Italy. Two surface temper-
ature and one heat flux sensors were used and attached to the centre of the opaque
part of the façade (i.e. one surface temperature sensor on the external surface of
the wall and the other one, with the heat flux sensor, on the internal surface of the
wall, opposite to the external sensor). The T ai sensor was placed in the middle of
the room at 1 m above the ground based on the ASHRAE standard requirements
[11]. Finally, the GSR sensor was placed 1 m away from the southern façade to the
outdoor environment. A scheme for the measurements’ setup is presented in Fig. 2.

Surface temperature
sensors

Heat flux sensor

Global solar
radiation sensorAir temperature

sensor

1.00 m
1.00 m

South
facade

North
facade

21st
December

Fig. 2 Scheme for the measurements’ setup (up), instrument used (down left) and sensors
installation (down right)
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Due to the limited inputs of the data logger, not all parameters can be measured
at the same time. Therefore, the measurements of T se, T si, heat flux and T ai were
conducted first for the southern façade then for the northern façade. After that, mea-
surements of T se and GSR were conducted for both facades at the same time for
comparison. Furthermore, because of the unstable weather conditions and the con-
tinued presence of cloudy weather periods, the measurement in each case lasted for
a period that ensures getting at least 6 days with mostly sunny conditions (i.e. con-
tinuously or in two separated periods). Finally, curtains were left closed all the time
during the measurement periods to reduce the effect of direct solar radiation pene-
trating through the windows and, in addition, the two bedrooms were unoccupied
and closed during the measurement period to limit the effect of internal heat gain.

3 Results and Discussion

Field measurements in this work were conducted within the period of 21 Decem-
ber 2018 until 5 February 2019. Since the objective of this work is to investigate the
effects of the direct solar radiation on overheating of building through its façade,mea-
surements presented here were selected from the periods in which the sky condition
was mostly clear and sunny.

3.1 Southern Façade

Measurements for the southern façade were conducted from 21December 2018 to 31
December 2018. Figure 3 presents T se, T si and T ai while Fig. 4 presents the heat flux.
Figure 3 clearly shows the sharp increase in T se and T si. The T se reached the highest
peaks ranged 41.84–44.81 °C during the sunniest days while the lowest peaks ranged
35.14–35.98 °C during the cloudiest days. In addition, the everyday fluctuations on
the peaks of T se can be noticed, which can be linked to the continued change of the
sky condition that affects the intensity of direct solar radiations on building façade.
The maximum, minimum and average recorded T se were 44.81 °C, 25.65 °C and
31.83 °C, respectively. However, the average recorded T se increased up to 32.85 °C
if selecting the sunniest days only. Moreover, the daily fluctuation of T se was on
average 10 °C during the cloudy days and increased up to 18 °C during the sunny
days.

Additionally, the effects of T se on T si can be clearly shown, which are linked to
the heat being conducted through the wall section. T si is following exactly the same
trends of T se, and reached the highest peaks ranged between 37.73 and 39.55 °C
during the sunniest days compared to 32.63–33.35 °C during the cloudiest days. The
maximum, minimum and average recorded T si were 39.63 °C, 26.29 °C and 31.40
°C, respectively. On the other hand, T ai has lower peaks compared to both T se and T si,
nevertheless, it has the same trend. For instance, high T se and T si resulted in higher
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Fig. 3 T se and T si, for the southern façade and T ai (i.e. façade was exposed to direct solar radiation)
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Fig. 4 Heat flux of the southern façade (i.e. façade was exposed to direct solar radiation)

T ai. It is true that heat can still penetrate through the window even if the curtains were
closed. However, it also may be attributed to the heat being transferred from the hot
internal surface of the wall to the indoor environment by convection and radiation
as mentioned earlier. The highest peaks of T ai ranged between 32.21 and 33.73 °C
for the sunny days compared to 30.28–31.76 °C for the cloudy days. In addition, the
maximum, minimum and average recorded T ai were 33.73 °C, 28.42 °C and 30.69
°C, respectively. In contrast, the minimum records for T se and T si were close and the
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T si was always higher by an average of 1 °C compared to T se. However, minimum
T ai was always higher by 3–4 °C compared to T se. This might be attributed to the
absence of effective ventilation and to the absorbed heat in the wall being released
during the night time that might increase the indoor air temperature.

The heat flux in Fig. 4 also demonstrates the effects of direct solar radiations on
building façade in overheating the indoor environment. The negative value of the
heat flux indicates that the direction of the heat flow is towards the indoor environ-
ment while the positive value is towards the outdoor environment. It can be seen
clearly that during the sunny days, the heat flux reached up to 81 w/m2 compared to
16–18 w/m2 for the cloudy days. This figure clearly illustrates the high amount of
heat transferred through building façade to the indoor environment during the day
time and, in contrast, the low amount of heat that transferred back to the outdoor
environment during the night time (i.e. 6–15 w/m2). This heat, if not being treated
well, might contribute to the overheating sensation and cause thermally discomfort
conditions. It will also increase the cooling loads if air-conditioning systems are
being used resulting in higher energy consumption.

3.2 Northern Façade

Measurements for the northern façade were conducted on 1, 2, 3, 7, 8 and 9 January
2019. Figure 5 presents T se, T si and T ai, while Fig. 6 presents the heat flux. The limits
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Fig. 6 Heat flux of the northern façade (i.e. façade was not exposed to direct solar radiation)

of the vertical axis in these figures (i.e. temperature and heat flux) were set similar
to the limits in the southern façade’s figures for comparison purposes. It can be seen
clearly, in Fig. 5, that the highest peaks of T se ranged between 31.7 and 32.52 °C
regardless of the weather conditions (i.e. sunny or cloudy) except for the third day,
in which it drops to 28.42 °C, which might be attributed to the rainy weather. The
maximum, minimum and average recorded T se were 32.63 °C, 25.99 °C and 28.48
°C, respectively. Furthermore, the daily fluctuation of T se ranged between 5 and 6
°C for most of the days.

Furthermore, T si also showed the same trends as T se with a difference not more
than 1 °C less than the maximum T se or higher than the minimum T se, thus, its daily
fluctuation was ranged between 4 and 5 °C. Additionally, the maximum, minimum
and average recorded T si were 31.46 °C, 26.48 °C and 28.63 °C, respectively. On
the other hand, T ai had a very limited daily fluctuation that is less than 2 °C while
its maximum, minimum and average records were 30.32 °C, 27.62 °C and 29.10 °C,
respectively.

Figure 6 reflects how low heat is transferred to the indoor environment through the
northern façade that is in the shade and does not receive direct solar radiations. The
maximum recorded heat flux towards the indoor environment was 11 w/m2 while
it was 10 w/m2 towards the outdoor environment. It can be noticed that almost the
same amount of heat transferred to the indoor environment through building façade
during the day time transferred back to the outdoor environment during the night
time.
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3.3 Comparison of Southern and Northern Façades
with Global Solar Radiation

Measurement of T se and GSR for both southern and northern façades was conducted
within the period 26 January–5 February 2019 and is presented in Fig. 7. It can be
seen clearly thatT se of the southern façade follows the same trends of theGSR,while,
in contrast, T se for the northern façade is mostly constant and does not follow the
GSR. For instance, the maximum daily GSR recorded in most days ranged between
902 w/m2 and 1007 w/m2 except for 1 February, in which it dropped to 536 w/m2,
which can be attributed to the weather condition on that day. Similar trends were
found with T se of the southern façade, in which a high GSR resulted in high T se of
the façade and vice versa. Themaximum daily T se recorded from the southern façade
ranged between 36.61 and 39.16 °C while the lowest record was 33.83 °C on the
same day that received the lowest record for maximum daily GSR. In contrast, the
maximumdaily T se recorded for the northern façade ranged between 30.03 and 31.63
°C for the whole period of measurements regardless of the GSR trend. It can be said
that the T se of the northern façade is influenced only by the outdoor air temperature
in the current case (i.e. high rise building without any nearby buildings that might
reflect solar radiation to the northern façade).

Furthermore, the minimum daily T se recorded for both facades was almost con-
stant and the difference between the highest and lowest records was 1.10 and 1.33 °C
for the southern and northern facades, respectively. In addition, the minimum daily
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T se records of the southern façade were higher than the northern façade, which might
be attributed to the higher T se and T si of the southern façade during the day time that
take longer time during the night time to release the heat to the ambient environment.
It is worthy to mention here that the T se of the southern façade gradually decreased
since the start of the measurements in December to the end of measurements in
February and beginning of March. This is linked to the sun path that reaches the
farthest point to the south in the sky on 21 of December and then starts going back
to the north.

3.4 Potential of PCMs Application on the External Surface
of Building Facade

Phase change materials (PCMs) work by reducing temperature fluctuation and the
peak temperature, and delay the time of peak temperature, which contributes to a
better thermal condition. It was suggested that the ambient temperature fluctuation
must be more than 10 °C in order to ensure a complete PCMs transition cycle and
effective performance [9]. Based on what was discussed earlier, building façade that
was exposed to direct solar radiation reached an extreme T se close to 45 °C, which
resulted in higher T si and T ai compared to building façade that was not exposed
to direct solar radiation. In addition, the daily fluctuation of T se reached up to 18
°C compared to only 6 °C for the exposed and non-exposed façades to direct solar
radiation, respectively.

The application of PCMs in buildingmaterials increases their thermal mass. In the
current case, the need for storing the heat is to prevent its penetration to the indoor
environment during the day time and release it back to the outdoor environment
during the night time. Theoretically, applying PCMs in the external layer of building
façade will increase its thermal mass and help to absorb the heat coming from the
received direct solar radiation during the day time within the PCMs. This results in
less heat being conducted to the internal surface of the façade (i.e. lessT si). Therefore,
less heat will be transferred to the indoor environment, which will reduce the T ai and
produce better indoor thermal environment. The amount of PCMs used in the external
layer of the façade will define how long it can absorb the heat before it completely
melts resulting in the heat conducting to the indoor environment. On the other hand,
the transition range of PCMs (i.e.melting and freezing temperatures)must be selected
carefully to achieve the best result and ensure daily complete melting/freezing cycle.

In Fig. 8, the three sunniest days from themeasurement period thatwere conducted
at the end of December and the three sunniest days from the measurement period that
were conducted at the end of January were combined in one graph in order to find
out the PCMs transition range that can ensure complete daily melting/freezing cycle.
Based on [12], selected PCMs in many previous works had transition temperatures
close to the average ambient temperature in which the PCMs melt and freeze. The
averageT se for the selected days is close to 32.5 °C. In addition, to select the transition
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range, the maximum and minimum temperatures must ensure adequate time for the
PCMs to fully melt and freeze, respectively. In our case, PCMs melt due to the
heat absorbed from the received solar radiation while freeze due to the heat released
to the ambient outdoor environment (i.e. PCMs applied on the external surface of
building façade). Based on Fig. 8, selecting the transition range between 30 and
36 °C seems to be an adequate one. This means, the selected PCMs must have a
melting temperature below 36 °C and freezing temperature above 30 °C to achieve
the optimum performance based on the selected days. However, it is still advised
to carry out simulation investigation to find out the optimum melting and freezing
temperatures for PCMs from the suggested transition temperature range based on
their own properties, such as enthalpy of fusion and specific heat capacity as well as
PCM quantity.

4 Conclusion

Effects of direct solar radiation on overheating of building façade were investigated
in this work. The southern façade that was exposed to the direct solar radiation
reached high peaks of T se and T si (i.e. up to 45 °C and 40 °C, respectively) compared
to the northern façade that was not exposed to the direct solar radiation (i.e. up to
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33 °C and 32 °C for T se and T si, respectively). In addition, the daily fluctuation
of T se reached up to 18 °C for the southern façade compared to only 6 °C for the
northern facade. This resulted in high peaks of T ai to reach up to 33.73 °C compared
to 30.32 °C for southern and northern façades, respectively. In addition, the heat flux
through the southern façadewas7.4 timeshigher than thenorthern façade.The current
study reflects the extreme effects of the direct solar radiations on overheating the
building façade, which suggests the importance of implementing passive strategies
to tackle these negative effects. Furthermore, this work concluded that there is a
potential for the application of PCMs on the external surface of building façades
to reduce the overheating. For the investigated conditions, it is suggested to use
PCMs with transition temperatures ranged between 30 and 36 °C to ensure complete
daily melting/freezing cycle. However, it is still advised to investigate the optimum
transition temperature of the PCMs based on thier properties within the suggested
range through simulation programs.
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Evaluation of Federal Highway
Administration’s Traffic Noise Model
for Pavements in Qatar

Okan Sirin, Md. Ohiduzzaman and Emad Kassem

Abstract Traffic noise is an irritating problem especially for residents near major
transportation corridors. It’s in the interest of transportation agencies to check the
noise level to develop measures to reduce noise if it exceeds the allowable threshold.
This process requires measuring noise level along roadways nearby the residential
areas. Alternatively, computermodels can be used to study and analyse the noise level
which save a lot of resources and enable transportation agencies to take countermea-
sures when planning new roadways near residential areas. The Federal Highway
Traffic Noise Model (TNM) is a computer program that is used to analyse and model
traffic noise. The vehicle speed, traffic volume and road geometry are used to pre-
dict noise propagation in open far-field environment and determine noise attenuation
from noise barriers. In TNMv2.5, pavement and ground type is included but it does
not account for noise propagation medium that is random and continuously evolving.
In this paper, Federal Highway Administration’s (FHWA) TNMv2.5 was evaluated
to determine the accuracy of this model in the State of Qatar. During noise measure-
ment, traffic volume and terrain geometry were used to predict the noise levels by
using TNMv2.5. The predicted noise levels were compared with the observed levels
for checking the accuracy of this model for predicting the future noise levels of road-
ways. The predicted noise levels were compared with noise levels measured at 19
locations at nine sites throughout the State of Qatar. For typical pavements in Qatar,
the TNMv2.5 is overpredicting approximately 2.3 dB for high traffic, whereas it is
underpredicting on an average 1.9 dB for low traffic volume. Although the number
of test locations is relatively small, it was still established that the results obtained
by FHWA’s TNMv2.5 model were within the reasonable range of the observed noise
levels for pavements in the State ofQatar. This demonstrated that theTNMv2.5model
was suitable for predicting noise level for pavements in Qatar.
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Keywords Wayside noise measurement · Traffic noise model (TNM) · Sound level
meter · Asphalt concrete · Pavement

1 Introduction

In the last few decades, traffic volume increased a lot on the highways in order to
meet the transportation demand. Thus, more people are exposed to the traffic noise.
Therefore, reducing traffic noise is a growing and pressing demand from the people,
especially from urban dwellers, where major transportation corridors pass near their
houses [1–3]. Transportation authorities worldwide generally predict the noise by
using developed traffic noise model based on source of the noise. Over the last few
decades, a number of traffic noise models have been developed for predicting noise
level caused bymoving vehicles.Most of the earlyworks have focussed on predicting
noise level from free-flowing traffic. The results of these studies have been used to
compute noise originating from the highway and predicting noise level from a similar
type of new road carrying traffic travelling at moderate and high speeds.

Traffic noise model (TNM) is a computer software package developed by FHWA
in order to predict noise levels in the vicinity of highways facilities. In FHWA’s TNM,
traffic noise levels near roadways can be predicted based on individual vehicle noise
levels, vehicle volume and speed, observer distance and other correlations. Themodel
allows for the incorporation of single and parallel barriers with options including
barrier type (walls and berms) and absorptive surface characteristics, roadways with
options such as traffic flow and pavement type, the design of terrain geometry, rows
of buildings and areas of dense foliage. Transportation agencies and state highways
in the United States have used the TNMmodel as a tool for predicting noise impact in
areas near highways. The TNM is extremely important in the United States because
it determines the suitability of noise barriers for federally funded projects [4]. As
this software continues to evolve, a number of studies are undertaken to validate the
model. In this model, three very general pavement categories are included, but for
noise prediction an average pavement is required. Burge et al. [5] evaluated TNMv1.0
by comparing field results of longitudinally ground and transversely tined concrete
pavements. The results of their study showed similar relationships for both types of
pavements using measured and theoretical values.

A study was conducted to compare the noise level prediction using the TNMwith
the measured sound levels for both calibrated and uncalibrated data [6]. The site
variables were not removed for the uncalibrated data, while for the calibrated data
both height and distance from the source were considered. In this study, a reference
microphone was placed at a distance of 15 m from the centre of the traffic lane
and 1.5 m above the elevation of the roadway. The difference between the predicted
noise level and the measured one at the reference microphone was calculated, and
a correction factor was applied to predict the sound levels at different microphone
locations. The results of this study showed that the predicted noise levels corre-
lated well with measured noise levels for both uncalibrated and calibrated data. The
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authors stated that the general overprediction for the uncalibrated data of the previ-
ous TNM versions is no longer an issue due to improvements made on the emission
levels in the current version of the TNM. However, the authors explained that the site
biases such as pavement type can still affect the predicted sound level. The authors
recommended that the TNM noise prediction be calibrated using sound levels mea-
sured in the field. Trevino and Dossey [7] conducted a study to validate TNM sound
noise predictions using actual roadside measurements taken on PFC pavements. The
researchers compared the experimental results to predict TNM sound values for two
different pavement types: average (the default option in the TNMsoftware) and open-
graded asphalt concrete (OGAC) pavements. The experimental results showed that
the TNM tends to overpredict the sound level by almost 5 and 3 dBAwhen compared
to the average pavement and OGAC pavement sound predictions, respectively. The
authors recommended using the OGAC option when predicting the noise level on
PFC pavements.

Rochat and Read [8] performed validation study for TNMv2.5 by comparing both
calibrated and uncalibrated data. They reported that TNMv2.5 performed extremely
well due to improvements applied to the implementation of emission level. The latest
version of TNMv3.0 addresses the overprediction of noise for earlier versions of the
model [6]. This version included only the three original pavement categories, and
again the average pavement is required for impact predictions. Although TNM is
used by number of transportation authorities in the world for forecasting of noise
for roadways but it is still not validated for traffic noise generated from roadways in
Qatar. Therefore, the main objective of this paper is to validate the FHWA’s TNM
by using measured noise level of roadways in the State of Qatar.

2 Details of Measurement Sites

For the purpose of validation of the TNM model, field noise measurements were
collected at 19 individual locations contained in nine sites across the State of Qatar.
The main purpose of these measurements is to evaluate the accuracy of the model in
predicting the noise levels at the receptor of noise. The locations of these sites are
shown in Fig. 1. The description of the measured site location is presented in Table 1.
At first, visual surveywas performedon the tested site tofind a suitable location for the
purpose of measurement. The sites were selected to achieve a reasonable geographic
representation of the State ofQatar and encompass varying topography and elevation.
In addition, thesemeasurement siteswere selected to embody some features available
within TNM, with features such as acoustically soft and hard ground, various terrain
geometries and dense foliage to acquire high-quality data measurement.
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Fig. 1 General location of
noise analysis site

Table 1 Description of test sites and location of sound level meter

Road name Site number Measurement
number

Position of sound level
meter from the centre line

File name in
TNM 2.5
software

Type of
ground
surrounding
pavement

Horizontal
distance (m)

Height (m)

Rawdat Al
Rashed Rd

1 M1 7.5 1.5 RR-1 Loose soil

M2 15 3.7

Dukhan Hwy 1 M3 7.5 1.5 DH-1 Hard soil

M4 15 3.7

2 M5 15 3.7 DH-2 Loose soil

Salwa Rd 1 M6 7.5 1.5 SR-1 Hard soil

M7 15 3.7

2 M8 15 3.7 SR-2

3 M9 15 3.7 SR-3

Al Shamal Rd 1 M10 7.5 1.5 AS-1 Loose soil

M11 15 3.7 Grass

2 M12 7.5 1.5 AS-2 Hard soil

M13 15 3.7

QU Rd 1 M14 7.5 1.5 QU-1 Hard soil

M15 15 3.7

2 M16 30 1.5 QU-2 Loose soil

3 M17 7.5 1.5 QU-3 Hard soil

Al Jumaliya
Rd

1 M18 7.5 1.5 AJ-1 Hard soil

2 M19 30 1.5 AJ-2 Loose soil
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3 Instrumentation

All noise measurements were performed by using a consistent measurement method-
ology in accordance with ISO 11819-1 standard [9] and AASHTO T 98 [10] at each
site. The main component of noise measurement system is sound level meter. In this
study, Larson Davis: Model 831 sound level meter was used. The main components
of sound level meter are microphone, preamplifier and data processing unit. The
sound level meter is connected with microphone via preamplifier. Noise data were
collected by using two sound level meters: one was placed at 7.5 m (25 ft) with height
of 1.5 m (5 ft) and the other one was placed at 15 m (50 ft) with height of 3.7 m (12
ft) from the centre line of the near travel lane and above the ground surface following
the ISO 11819-1 [9] andAASHTOT98 [10] standards. The instrumentation of sound
level meter is shown in Fig. 2. Sound level meters were placed at specified locations
of each site. The sound level meter was calibrated by using Larson Davies: Model
CAL 200 calibrator before and after each noise measurement. Sound level meters
were set to measure and record A-weight Leq for 15 min.

Meteorological data, such as wind speed, wind direction, air temperature and
relative humidity, were collected by using Kestrel 5500 pocket weather meter as
acoustical data are greatly influenced by the meteorological conditions. Acousti-
cal data collected during wind speeds exceeding 5 m/s or 11 mph were eliminated
during data analysis. Pavement surface temperature was measured by using Fluke
thermometer. A portable radar gun was used to measure the speed of the vehicle.
Traffic volumes were counted during noise measurement duration. Traffic categories
were divided into ‘heavy trucks’ (semis and other trucks with three or more axels),
‘medium trucks’ (light trucks with two axles) and all other vehicles were counted as
automobiles.

Fig. 2 Experimental setup for wayside noise measurements
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4 TNM Analysis

Noise levels were predicted at each measurement location by using TNMv2.5 soft-
ware. In setting upTNM run, at first site nameswere identified andEnglish units were
selected. Generally, four pavement types, that is, dense graded asphaltic concrete
(DGAC), portland cement concrete (PCC), open-graded asphaltic concrete (OGAC)
and ‘average’ (which is derived from DGAC and PCC data) are contained in TNM
software. In this study, first noise prediction in TNM software was conducted by con-
sidering ‘average pavement’ and then the predicted and the measured noises were
compared.

Measured and predicted sound levels by TNMv2.5 are plotted in Fig. 3. Each red
circle is represented as 15 min data block (15 min LAeq). The orange line represents
the linear fit whereas two blue lines represent the 95% confidence range. The solid
green line is represented as the perfect agreement between measured and predicted
noise data. Data points lying above the green line demonstrate the overprediction
of noise level by TNMv2.5 and data points that fall below this line symbolize the
underprediction of measured noise level.

Figure 3 shows the measured noise levels, the predicted noise levels using
TNMv2.5model by considering average pavement type and the resulting accuracy of
each model at each of the 19 site locations (accuracy being defined as the difference
between predicted noise level and the measured level). Noise data were measured at
both high and low traffic volumes. The comparison of predicted noise levels to mea-
sured levels shows that TNMv2.5 is overpredicting approximately 2.5 dB on average
for high traffic volume road. However, at low traffic volume pavement, TNMv2.5 is
underpredicting approximately 2 dB on average.

All the pavements of the measured sites are DGAC in most of the pavements in
Qatar. Hence, noise prediction was again conducted in TNMv2.5 by using ‘DGAC
pavement’. The direct comparison between TNMv2.5 predicted sound levels and
measured data for DGAC pavements in the State of Qatar is presented in Fig. 4.

It can be seen fromFig. 4 that the difference betweenmeasured and predicted noise
data decreases slightly by using DGAC pavement in TNMv2.5. For high traffic road,

Fig. 3 Measured and
predicted noise levels
(considering average
pavement in TNM software)
for pavements in Qatar
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Fig. 4 Measured and
predicted noise level
(considering DGAC
pavement in TNM software)
for pavements in Qatar
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the TNMv2.5 is overpredicting approximately 2.3 dB, whereas it is underpredicting
on an average of 1.9 dB for low traffic volume. However, TNMv2.5 is validated by
using 19 sites and site bias is not considered for analysis due to nature of ground
but it still predicted noise level within reasonable range. Researchers will further
investigate the effect of nature of ground on the performance of TNMv2.5 model for
the roadways in the State of Qatar.

5 Conclusions

Many transportation authorities, especially in the United States, use TNM model to
predict the noise level of roadways. In this study, the performance of TNM model
developed in the United States is evaluated for the prediction of noise level of road-
ways in the State of Qatar as the roadways are subjected to hot climatic conditions.
The comparison between predicted noise levels and measured levels showed that
TNMv2.5 is accurate within approximately 2.5 dB on average and statistical basis
for high traffic volume, and for low traffic volume, it is accurate within 2.0 dB. This
study showed that TNMv2.5 can be used for the prediction of noise level of road-
ways in Qatar because it is evaluated by using data collected from 19 test sites. The
results of this study will be useful for engineers in Qatar to predict the noise level
exposure when designing new roads without the need for physical noise exposure
measurements, saving time and resources.
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Performance of Steel Slag as a Partial
Replacement Fine Aggregate
Incorporating Superplasticizer

Gunalaan Vasudevan

Abstract Steel slag is a by-product which can be obtained from steel industry and
generated as a waste during the production of steel. Besides, it has been declared a
useful construction material, not an industrial waste by most of the developed coun-
tries. However, in Malaysia, the rate of utilization of steel slag is very low compared
to other developed countries. This paper aims to experimentally study and investi-
gate the effect of steel slag as partial replacement of fine aggregate incorporating
superplasticizer in concrete. For this purpose, tested samples consisting of 150 mm
concrete cubes and cylinder samples with 150 mm diameter and 300 mm height are
prepared andmixed with superplasticizer, namely Sika Visco Crete(VC 2192). Com-
pressive strength, split tensile strength, workability, and ultrasonic pulse velocity of
concrete with replacement of fine aggregate by steel slag aggregate are examined
and compared with control mix design without replacement of steel slag aggregate.
The optimum percentage of replacement of fine and coarse aggregate by steel slag
is found. Workability of concrete gradually increases, as the percentage of replace-
ment increases. Yet when beyond 20% of replacement, it starts to decrease, which
is found by using slump test. Moreover, compressive strength, tensile strength, and
ultrasonic pulse velocity are experimentally investigated. The results point out that
for conventional concrete, the partial replacement of fine aggregates by steel slag
improves the compressive, ultrasonic pulse velocity, and tensile strength.

1 Introduction

Sustainability is the primary focus in recent years due to the fact that nowadays
raw materials are getting reduced and therefore, the use of sustainable materials has
been investigated for environmental, economical, and social benefits to improve our
quality of life. Concrete is the most commonly used material in construction. Hence
the bigger challenge for the future construction firms is to meet the global demand
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of concrete and find a suitable alternative to natural aggregate for preparing concrete
with high compressive strengthmaterial [1].We are also familiarwith using steel slag,
where steel slag is used as a partial substitute for natural aggregate in the production of
asphalt concrete. The use of steel slag from IronWorksCompany in combinationwith
natural aggregate as the road base layer and their strength parameters are described in
this study. The presence of steel slag depends on the percentage of use and the number
of other parameters. This is because almost three quarters of volume of concrete is
composed of aggregates and it is becoming a more challenging task to find a suitable
alternative material to natural aggregates for preparing concrete. The continuous use
of natural rocks will lead to reduction of river beds, which results in the ecological
and environmental imbalance. Moreover, nature aggregate will become costly [2].
So to overcome this problem we have to use waste material such as steel slag as a
replacement for natural rock or aggregate in the concrete to improve the quality of
our living environment.

2 Literature Review

2.1 Steel Slag

Extraction of ‘iron’ or ‘steel’ from ores is a very complex process which needed
some others materials such as catalysts or flux. After making steel these ingredients
forming a matrix are to be periodically weathered up. Steel slag is generated as a
by-product of iron and steel-making processes and is produced during the separation
of the molten steel from impurities in steel-making furnaces. Moreover, steel slag
can be divided into blast furnace slag and steel-making slag. Steel slag occurs when
the molten liquid melts and is a complex of silicates and oxides that solidifies upon
cooling [3].According to [4] it is composed of a chemical combination ofmanganese,
silicon, phosphorus, iron, lime. The amount of change in each component is based
on the grade of steel being produced and the process used. There are some processes
that can affect the range of each compound which are basic oxygen furnace (BOF)
and electric arc furnace (EAF) for carbon steel and alloy [5]. Furthermore, the most
commonly found steel slag in Malaysia is EAF slag. Electric arc furnace (EAF)
process does not use hot metal but cold steel scraps. The EAF method uses high-
voltage current to melt the scrap and involves the removal of excess carbon, silicon,
and other elements from the molten iron. The electricity has no electrochemical
effect on the metal, making it perfectly suitable for melting scrap. During the melting
process, other metals including aluminium, silicon, manganese, phosphorus, carbon,
and iron are added to the steel to give the required chemical composition. At the same
time, oxygen is blown into the EAF to purify the steel. This slag, which floats on the
surface of molten steel, is then poured off. The basic oxygen furnace (BOF) process
is totally different from the EAF process . In the BOF process, the hot liquid metal



Performance of Steel Slag as a Partial Replacement … 153

from the blast furnace, which contains lime (CaO) and dolomitic lime, is charged
into a furnace [3]. A lance is lowered into the converter and then oxygen is injected
with high pressure.

2.2 Utilization of Slag

Sustainability materials are the primary focus in recent years. Besides, natural aggre-
gate resources are becoming more difficult to develop or to be removed from the
ground. Steel slag can be used as a substitute for natural raw materials like aggre-
gate, which can reduce waste and conserve resources. It protects and preserves our
environment and our quality of life. According to [6] steel slag aggregate has good
resistance to permanent deformation, high stability with good flow properties, and
high stiffness modulus. Moreover, steel slag compared to natural aggregates is lower
in costs and performs well when used as a base course, provided it was moist cured
to reduce its expansion potential. Benefit from technical advantages offered by many
of the steel making slags. High performance products not necessarily low grade
applications.

2.3 Steel Slag Properties

Owing to different properties of various aggregates, their level of performance and
suitability for an application has been affected. The physical and mechanical char-
acteristic of steel aggregate is the most important part for providing ideal durability,
stability, and resistance against abrasion and permanent deformation [7]. Besides,
the chemical composition of the steel aggregate was found to be an affecting factor
for its adhesion with other construction material to form an ideal combination.

3 Methodology

This research aims to determine the performance of the concrete that contains the
steel slag by preparing concrete cube samples and testing them to obtain some of the
basic engineering properties. The concrete mix design is done by systematic analysis
with the knowledge to choose the proportions of the ingredients to be used to produce
an economical concrete mix with the desired strength when hardened. The variables
which can be controlled are water/cement ratio, maximum aggregate size, aggregate
grading, and the use of admixture (Table 1).
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Table 1 Conceptual framework

Phase 1 To identify steel slag as an addition to
concrete in percentage

Remarks

Material selection If no, back to material

Identify tests/experiments to be carried out Selection

Analysis of particle size distribution and
properties of steel slag

Phase 2 Mixture of materials and percentage of steel
slag as an addition

If no, back to analysis

Design and conduct

Mixing, casting, and compaction

Dry, shrinkage, concrete

Testing of hardened samples

Phase 3

Long-term behaviours Durability test

Phase 4 Application (Beam or Column)

Performance

End

Fig. 1 Workability in terms of slump cone test
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Fig. 2 Compressive strength of steel slag concrete at different curing age

4 Conclusions

4.1 Slump Test

From Fig. 1, it has been shown that normal concrete mix with VC2192, also known
as Sika Visco Crete superplasticizer, is giving a slump value of 130 mm. When fine
aggregate is replaced by 5% of steel slag, the value of slump drops to 90 mm but
the slump value starts to increase if replaced by 10% of steel slag and it reached the
highest point of 275 mm. If replaced by 15% the best slump value is obtained in this
test. However, once the percentage of the steel slag replacement reaches 20%, the
slump starts to decrease, and the decreasing continues as the percentage replacement
level increases from 20%. According to [8] it has been shown that river sand is
generally finer than that of steel slag. The water absorbing property of steel slag is
higher than the normal fine aggregate, so the higher the percentage of replacement
of fine aggregates by steel slag, the lesser the workability of concrete (Fig. 2).

4.2 Compressive Strength Test

Qualitatively, on the seventh day of curing, it was observed that concrete increases in
the percentage of steel slag replacement to natural fine aggregate. The controlled mix
design without replacement of steel slag is at 14.67MPa, which when compared with
the one inwhich 5%of the aggregatewas replaced by steel slag the compressive value
is less than 10.96MPa. Besides, the compressive strength is increased gradually from
0 to 15% and achieved the maximum value at a replacement of 15% on the seventh
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day of curing with 29.71 MPa, which was different from the controlled mix design
with the compressive strength of more than 15.04 MPa. On the 14th day of curing,
the compressive strength of controlled mix design increases to 16.69 MPa, which
was higher than the seventh day of curing. This proves that the longer the curing
time, the higher the strength of the concrete. Moreover, samples with 5, 10, and 15%
of steel slag replacement have almost the same compressive strength of 29.06, 29.40,
and 30.19 MPa, respectively, on the 14th day. However, as mentioned earlier, on the
seventh day of curing when replaced by 20% of steel slag the compressive strength
starts to decrease to the value of 17.20MPa. To summarize, 15% replacement of steel
slag had achieved the highest compressive strength compared with other percentage
replacements of natural fine aggregate. This is because steel slag concrete is stronger,
and the bond between aggregate and paste is more sturdy due to higher angularity
and rough surface texture of steel slag compared with fine aggregate.

4.3 Flexural Tensile Strength Test

The results on the 7th, 14th, and 28th day of tensile strength are shown in Fig. 3. From
the obtained results, it is observed that the tensile strength values at the end of 7th
day increase on 15% of replacement and decrease when up to 20% of fine aggregate
replacement of steel slag. This points out that the influence of slag aggregate in
resisting tensile strength is significant at only lower values of replacement, beyond
which the tensile strength deteriorates. Almost similar behaviour is observed on the
14th and 28th day results. Besides, from the results above, it is obvious that the tensile
strength of concrete cast using 15% of steel slag replacement had achieved the best
split tensile strength. However, the decrease in tensile strength when the replacement
percentage is 20% is due to the high porosity of concrete caused by the increasing

Fig. 3 Tensile strength of steel slag concrete at different curing ages
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volume of steel slag aggregates and higher water/cement ratio values. Both factors
have reduced the bonding between aggregate and cement mortar paste up to 20% of
slag replacement.

4.4 Ultrasonic Pulse Velocity (UPV) Direct and Semi-direct
Test

From Fig. 4, it was observed that on the seventh day of curing, the sample with
15% of replacement of fine aggregate by steel slag specimens was achieving the
highest ultrasonic pulse velocity value in direct test compared to other replacement
percentage on the seventh day, which is 31.73 µs. On the 14th day also we observe
almost the same data as the 7th day, but have higher and better result data due to
longer curing. It was observed from the figure that for the given data in direct test
the pulse wave velocity is 34.00 µs on 14th day with 15% of the replacement, which
compared with control mix design has increased 17% and achieved the best value in
direct test of UPV on 28th day. Owing to this philosophy, the longer the curing time,
the better the quality of the concrete. From the results above it can be clearly seen
that with the control mix design for direct test, the UPV of concrete is at 29.27 µs
on 28th day which is 4.04 µs higher than on seventh day of curing which is only at
25.23 µs. Moreover, the results show that by replacing fine aggregate with steel slag
the density of the concrete will be affected.

Fig. 4 Ultrasonic Pulse Velocity (UPV) direct and semi-direct test
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Fig. 5 UPV semi-direct test of steel slag concrete at different curing age

4.5 UPV Semi-direct Test of Steel Slag Concrete at Different
Curing Ages

Figure 5 shows the UPV of semi-direct at different ages of curing. From the results
it can be clearly seen that semi-direct gives much lower data than direct test. This is
because direct test of UPV is more accurate than semi-direct, so the data collected
have some difference and shows slower results compared with direct test. In direct
test, the optimum level was achieved in 15% of steel slag concrete and the same
situation was also obtained in semi-direct test which reached 22.47 µs at the age of
7 days, 24.80 µs at the age of 14 days, and 27.13 µs at the age of 28 days. Moreover,
the result was decreased when replacement of steel slag was up to 20% which was
the same as direct test at the age of 7th day, 14th day, and 28th day. This analysis
shows that the accuracy of ultrasonic pulse velocity test is affected by the concrete
age. Apart from that, the comparison between semi-direct method and direct method
shows that although direct method shows convenient and satisfactory results upon
sensitivity for determining the location of the defect, but the ability to determine the
depth of the concrete slab is not possible and it is also not suitable to be used in most
situations since it requires access of two surfaces.

5 Conclusions

This part will summarize and conclude the finding of this study. In the slump test steel
slag concrete mix has achieved better workability than control concrete mix design.
Besides, workability test also shows that replacement of fine aggregate with steel
slag in concrete has improved the workability of the concrete [9]. In this test, 15%
replacement of fine aggregate has given the best result. However, in the compressive
strength test, replacement of fine aggregate with steel slag has given better quality
of result, and the optimum percentage of replacement for fine aggregate is 15%,
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which achieved the best result than other percentages at all ages, beyond which the
compressive strength decreases on further replacement. Thorough investigation of
results has indicated that split tensile strength of steel slag concrete increases in 14.7%
by replacement of 15% of steel slag compared to the conventional fine aggregate
concrete at age 28 days. Besides, 15% of replacement has obtained the highest
strength than other percentages. Ultrasonic pulse velocity test for steel slag concrete
also proves that steel slag replacement of fine aggregate gives better strength and
results compared with the concrete without replacement of fine aggregate. Moreover,
15% of replacement gives the highest reading for direct and semi-direct test, which
are 35.87 and 27.13 µs, respectively, on 28th day. However, replacement of more
than 15% will result in decrease in the reading.

6 Recommendations

The effect of steel slag as a partial replacement of fine aggregate by adding super-
plasticizer due to various factors is identified in this study. The recommendations to
improve the steel slag concrete are as follows:

• Further investigation is needed on the different superplasticizer used together with
steel slag in the concrete mix design.

• Further study is required for steel slag mix with other by-products in the concrete
mix design.

• Further investigation of the higher percentage of replacement of the fine aggregate
by the steel slag aggregate in concrete mix design is required.

• Longer curing time is required in order to understand the behaviour of the concrete,
and it might be giving the different result for steel slag concrete.

• Durability test such as sulphate attack test must be further studied in order to
understand the percentage loss in weight of the steel slag concrete by sulphate
attack.
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New Regional-Specific Urban Runoff
Prediction Model of Sungai Kayu Ara
Catchment in Malaysia

Lloyd Ling, Ming Fai Chow, Wei Lun Tan, Wen Jia Tan, Cheng Yuan Tan
and Zulkifli Yusop

Abstract Malaysian government agencies adopted curve number (CN) rainfall-
runoff model for design use like many other commercial software applications, while
most researchers have adopted CN values from its published handbook from USA.
However, there is no regional-specific curve numbers handbook in Malaysia for the
rainfall-runoff predictive modelling. This study did not refer to any CN value but
derived a statistically significant CN value with rainfall-runoff events directly. The
derived λ = 0.0002 is statistically significant (α = 0.01), while the optimum CN
value of 92.95 represents the rainfall-runoff characteristic at the Sungai Kayu Ara
catchment. The runoff predictivemodel estimated an averaged flood depth of 7.46 cm
from 100 mm rainfall event when the drainage infrastructure fails to drain away the
runoff volume effectively. It is recommended to limit the upstream development,
while rainwater harvesting, storm water retention, and detention facilities should be
constructed to curb the urban flash flooding at the Sungai Kayu Ara catchment.

Keywords Bootstrapping · Curve number · Runoff prediction · Inferential
statistics

L. Ling (B) · W. J. Tan · C. Y. Tan
Civil Engineering Department of Universiti Tunku Abdul Rahman, Lee Kong Chian Faculty of
Engineering & Science, Centre of Disaster Risk Reduction (CDRR), Jalan Sungai Long, Bandar
Sungai Long, 43000 Cheras, Malaysia
e-mail: linglloyd@utar.edu.my

M. F. Chow
Institute of Energy Infrastructure, Universiti Tenaga Nasional, 43000 Kajang, Selangor, Malaysia

W. L. Tan
Department of Mathematical and Actuarial Sciences of Universiti Tunku Abdul Rahman, Lee
Kong Chian Faculty of Engineering, Centre for Mathematical Sciences(CMS) & Science, Jalan
Sungai Long, Bandar Sungai Long, 43000 Cheras, Malaysia

Z. Yusop
Faculty of Civil Engineering Department, Centre for Environmental Sustainability and Water
Security (IPASA), Universiti Teknologi Malaysia, 81310 Skudai, Johor, Malaysia

© Springer Nature Singapore Pte Ltd. 2020
M. Awang and M. R. Meor M Fared (eds.), ICACE 2019,
Lecture Notes in Civil Engineering 59, https://doi.org/10.1007/978-981-15-1193-6_18

161

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-1193-6_18&domain=pdf
mailto:linglloyd@utar.edu.my
https://doi.org/10.1007/978-981-15-1193-6_18


162 L. Ling et al.

1 Introduction

About 97% of the total water demands come from surface runoff in Malaysia [1].
Runoff volume has increased significantly with the fast pace or urbanisation due
to rapidly growing anthropogenic activities [2]. These increased runoff volumes
eventually discharged through the watershed outlet. However, downstream areas are
mostly flat or in low elevation which are unable to receive and drain the large runoff
volume and therefore, flooding frequency increased in the downstream of urban
watersheds. As such, it is imminent to develop a methodology to derive regional-
specific rainfall-runoff model [3, 4] as it plays an important role in planning and
management of water resources [5–7].

2 Study Site and Methodology

The soil conservation service curve number (SCS-CN) rainfall-runoff model is one
of the simplest models to predict runoff amount in hydrology textbook, which the
Malaysian government agencies also adopted, but the accuracy of the model had
been questioned by past researchers [8–11]. Equation (1) shows the base SCS-CN
equation. Initial abstraction (Ia) is the multiplication of λ and S.

Q = (P − Ia)2

P − Ia + S
(1)

where,

P Depth of a rainfall event (mm)
Q Runoff depth from a rainfall event (mm)
S Water retention depth of a catchment (mm)
Ia Initial retention or abstraction depth (mm).

The base SCS-CN equation consists of three main parameters, which are P, λ,
and S. The equation is simplified by fixing λ = 0.2, as shown in Eq. (2). Equation (2)
has a constraint that P must be larger than Ia, else there will be no runoff [12].

Q = (P−0.2S)

P+0.8S

2
(2)

The relationship ofCN and S is shown in Eq. (3).CN has no unit, and its value has
spanned from zero to 100 to reflect a catchment’s infiltration ability. The CN value
closer to 100 indicates a catchment with high saturation condition, and therefore,
will produce more runoff. As a result, the random CN value selection will lead to
meaningless runoff prediction results [13]. However, most of the SCS practitioners
did not explore site-specific calibration possibility and often used “trial and error”
method to identify CN value which will match the observed runoff. At the end, the
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choice of CN to represent a catchment becomes non-scientific and inconsistent to a
researcher [14].

CN = 25, 400

S + 254
(3)

where,

CN = Curve number value

The new regional-specific SCS-CN model and CN derivation technique can solve
λ andCN problems as aforementioned. Basically, this new calibrated SCS-CN model
maintains the parameters available in base SCS-CN equation. The proposed CN
derivation methodology in this article used nonlinear numerical optimisation algo-
rithm with non-parametric inferential statistics and BCa procedure of bootstrapping
method [15] to derive λ and S values from Eq. (1) using the rainfall-runoff (P-Q)
dataset collected at the Sungai Kayu Ara catchment.

Fig. 1 Methodology flowchart of this study
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This study adopted the S general formula (Eq. 4) from Ling and Yusop [4], which
solves for S in terms ofP,Q, andλ to allow the conversion of newderivedλ value back
to the mathematical scale, where λ = 0.2 in order to calculate the conventional CN
value, which has been in use since 1954. The obtained S0.2 value will be substituted
into the CN equation (Eq. 3) to find CN0.2 [16]. The overall flowchart of calibrated
SCS-CN rainfall-runoff model is stated in Fig. 1.

Sλ =
[P − (λ−1)Q

2λ ] −
√
PQ − P2 + [P − (λ−1)Q

2λ ]2
λ

(4)

Sungai KayuAra catchment is locatedwith N 30 6′ to N 30 12′ and E 1010 35′ to E
1010 39′ in Damansara, Kuala Lumpur, which covers an area of 22.33 km2, as shown
in Fig. 2. The river originates from a forest reserve in the upstreamof Sungai Penchala
and flows towards the suburban areas of Desa Sakti, Kampung Sungai Penchala, and
Taman Tun Dr. Ismail. The river flows to the relatively flatten developed area (WL
4, lower left dash circle in Fig. 2) near to the confluence of Sungai Damansara [17].
There are 93 storm events between 1996 and 2006 in this study. The lowest recorded
rainfall depth was 1.33 mm with measurable runoff amount of 0.56 mm.

Fig. 2 Location of Sungai Kayu Ara catchment (Source Abustan et al. [17])



New Regional-Specific Urban Runoff Prediction Model … 165

3 Results and Discussion

Table 1 shows the descriptive statistics of mean and median λ values together with
λS inferential statistics (BCa) confidence interval range of 99%. Shapiro–Wilk test
result was used to selectmean ormedianλ value as the sample size of this study is less
than 2,000 samples. The p value of Shapiro–Wilk test is less than 0.05 for derived λ

value; thus, the dataset is not normally distributed, which means the median λ value
is more suitable to be used for the runoff predictive model formulation to represent
the rainfall-runoff conditions at Sungai Kayu Ara catchment.

The BCa 99% confidence interval range of the standard deviation for λ value
indicated that λ cannot be a constant but a variable which spanned from its lower
confidence interval limit of 0.0006 to its upper limit of 0.2004. On the other hand,
neither the mean nor the λ confidence interval spans include the λ value of 0.20. Thus
Eq. (2) becomes statistically invalid to be used to predict runoff at Sungai Kayu Ara
catchment.

The descriptive statistics results of Sungai Kayu Ara catchment were tabulated
in Table 2. The optimised median λ value is 0.0002, while S0.0002 is 33.07 mm for

Table 1 Descriptive statistics
of λ at Sungai Kayu Ara
catchment

Descriptive
statistics

λ BCa 99% Confidence
Interval

Lower bound Upper bound

Mean 0.0113 0.0004 0.0427

Median 0.0002

Skewness 9.6356 5.3775 9.6357

Kurtosis 92.8939 27.5254 92.8959

Std. deviation 0.1019 0.0006 0.2004

Shapiro–tests of normality

Statistics p value

λ 0.085 0.000

S 0.742 0.000

Table 2 Statistical results of
the runoff predictive model

p value <0.001

E 0.832

BIAS −0.410

RSS 1,974.874

Optimum λ 0.0002

Optimum S 34.067

Equivalent CN0.2 92.95

99% Confidence interval range of equivalent
CN0.2

[92.95, 94.96]
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Table 3 Predicted runoff volume of Sungai Kayu Ara catchment

P (mm) Q (mm) Runoff Volume (m3) No. of olympic size
pools

Averaged flood depth
(cm)a

70 47.08 1,051, 289.57 421 4.71

80 56.10 1,252, 755.67 501 5.61

90 65.28 1,457, 741.63 583 6.53

100 74.58 1,665, 459.79 666 7.46

aActual flood depth can be deeper at the flat land areas near to the outlet

Sungai Kayu Ara catchment. All the results obtained are statistically significant at
alpha = 0.01.

Since Ia =λS, substitution ofλ and S values produces Ia = 0.006mm. Substitution
of Ia and S intoEq. (1), the SungaiKayuAra catchment urban runoff predictionmodel
can be formulated as:

Q0.0002 = (P−0.006)
P+34.061

2
(5)

where, Q0.0002 = Runoff amount (mm) of new model formulated with λ = 0.0002.
Equation (5) is the calibrated SCS urban runoff model given that measurable

rainfall depth must be larger than 0.006 mm, or else there will be no measureable
runoff. The Sungai Kayu Ara catchment runoff prediction model (Eq. 5) is also
statistically significant (p < 0.001), while the correlation between S0.0002 and S0.2 can
be determined by using SPSS as:

S0.2 = 0.823S0.8930.0002 (6)

Equation (6) has high adjusted R2 of 0.977, low standard error value of 0.190, and
p < 0.001. Subsequently, the equivalent S0.2 can be calculated as 19.26 mm leading to
the derivation of CN0.2 = 92.95. Table 3 summarises the runoff volume with respect
to several rainfall event scenarios.

4 Conclusions

In conclusion, Eq. (5) can be used to predict the runoff conditions of the Sungai
Kayu Ara catchment. The new regional-specific CN derivation method used non-
linear (supervised) optimisation technique through the guide of inferential statistics
and derived CN value of 92.95 with 99% confidence interval ranging from 92.95 to
94.96 to represent the Sungai Kayu Ara catchment. When 70 mm rain falls in Sun-
gai Kayu Ara catchment, about 1 million m3 runoff will be produced (approximate
to 421 Olympic size swimming pools). When the rainfall depth reaches 100 mm,
the total runoff volume will increase from 1 million to 1.7 million m3 (equivalent
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to 666 Olympic size swimming pools). The averaged flood depth throughout the
catchment increased from 4.71 to 7.46 cm in the event that the drainage infrastruc-
ture fails to drain away the runoff volume effectively. It is recommended to limit
the upstream development, while rainwater harvesting, storm water retention, and
detention facilities should be constructed to curb the urban flash flooding of this
catchment.
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Connector Design Selection for Modular
Forest Bridge Using Finite Element
Analysis

M. Rizuwan Mamat and W. M. Shukri W. Ahmad

Abstract Forest harvesting in Malaysia is currently being carried out deep inside
the forest where accessibility is the main problem. Under the current logging road
specification, temporary bridges are built with log stringer for temporary usage and
are removed or left to deteriorate at the end of the use period. This situation leads to a
problem to whoever needs to cross the stream for official or personal purposes. This
road is customarily used only for a short periodwith a prolonged usage cycle, and this
leads the management to close these roads whenever there are no logging activities.
Most of the time upon completion of logging activities, these temporary bridges are
not maintained and will deteriorate and collapse due to the high velocity of water
flow, erosion, and sedimentation. Modular and mobile concepts of the bridge are
recommended for easy transportation, installation, and removal for reuse at multiple
sites. This modular mobile forest bridge consists of the segmented timber beams
which are joined by aluminium connector. Therefore the critical part of this structure
is at the joint where failure might occur when the loading is applied. Five connector
designs had been recognised to join the segmented timber beams. Finite element
analysis (FEA) was used under static stress analysis with five different load cases
to carry out the simulation. Modulus of resilience was calculated to determine the
capability of the material to store energy under the deflection. Deflection analysis
and volume of connectors were also analysed for result comparison.

Keywords FEA · Aluminium · Segmented beam · Girder · Static stress · Timber

1 Introduction

Forest harvesting in Malaysia is currently being carried out deep inside the forest
where accessibility is the main problem. Stream or river crossing requires a bridge,
and under the current specification, this bridge is built with log stringer for only
temporary usage and removed or left to deteriorate at the end of the use period
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[11]. Almost any species of wood would allow usage less than three years. Proper
culvert design with hardwood species for the sill log will extend the service life [2].
Forest department (FD) faced this problem to run forest and soil treatment in the
logged-over area for post-harvesting activities. Most of the time, upon completion
of logging activities, these temporary bridges are not maintained and will deteriorate
and collapse due to the high velocity of water flow, erosion, and sedimentation [6].
Therefore, there is a need to have a suitable, cost-effective, and easy to handle but
durable bridge that can be used to access the logged-over forest to carry out post-
harvesting activities. Taylor et al. [11] suggest a portable bridge to ease transportation,
installation, and removal for reuse atmultiple sites that would reduce the construction
cost compared to a permanent structure, and at the same time, reduces potential water
quality problems [1]. Nowadays, there are number of portable bridges developed to
reduce the environmental impacts, but still, the installation and dismantling need
heavy machinery.

One of the necessary criteria in designing these portable bridges is the considera-
tion of easy assembly, installation, removal, and transportation. In forestry industry,
light construction equipment and minimum field cost and work for installation and
removal are expected [11]. The ability of portable bridges to serve multiple instal-
lations makes them much more economically feasible than a permanent structure In
addition, they have the potential to avoidwater quality problems [11]. In timber struc-
tural components, joints are often the weakest points. Knowledge of the mechanical
behaviour of the joints in designing timber structural is critical. A few factors that
might affect the performance of the joints are the geometry of the members and
joints, the orientation of the load concerning timber grain, and clearance and friction
between the joint members [12]. This modular bridge is evaluated as a single system
as the durability of each component relies on the durability of other components [3].

2 Materials and Methods

The cross-section of the I-beam is 80mm× 240mm,where the flange cross-section is
80 mm× 60mm. Five connectors were designed based on this cross-section (Fig. 1).
The designs of the connector are supposed to support the applied loading and allow
the stress transfer from one end to the other end of the timber beam. This analysis
mainly focuses on the connector that would be used to join the segmented timber
beam. The material used for the connector is aluminium. Static stress analysis was
carried out for those designs of connectors. The results generated from the simulation
show the performance of the connector to sustain the loading.

The analysis was carried out using simulation of static stress on different con-
nector designs. Five connector designs had been recognised to join the segmented
timber beam. These connectors and timber beams were modelled in 3D using Auto-
CAD® program and were assembled before being transferred to Auto-deskMechan-
ical Simulation® program. These assembled models were simulated using static
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Fig. 1 I-shaped cross-section and connectors design

Fig. 2 Specimen assembly

stress analysis to determine the best selection of aluminium connectors for actual
fabrication.

Two units of this timber beam were assembled with an aluminium connector
before being transferred to finite element analysis for bending test simulation. The
simulation was carried out for all connector designs using Autodesk Mechanical
Simulation® under static stress analysis. All connected parts in the simulation pro-
gram were assigned as surface contact type considering the mechanical connection
during the assembly. In the FEA, a downward maximum nodal force of 29.43 kN
(3000 kg) was assigned. This specified load was based on gross vehicle weight of a
Toyota Hilux four-wheel-drive, with a maximum payload of 1060 kg. Five load val-
ues were inserted into the simulation: 5.89, 11.77, 17.66, 23.54, and 29.43 kN. The
applied load was placed at the beam mid-point (Fig. 2). Stress, strain, deformation,
and displacement results were compiled for further analysis.



172 M. R. Mamat and W. M. S. W. Ahmad

Table 1 Material properties
of timber and aluminium

Material properties Orthotropic Isotropic

Timber Aluminium

Mass density (kg/m3) 425.338 2700

Modulus of elasticity (MPa) 11100.559 68900

Shear modulus of elasticity
(MPa)

577.091 2600

Poisson’s ratio 0.329 0.33

Timber [5], Aluminium [4]

Modelling and assembly of the timber beam and connector 3D models were
performed in AutoCAD®. Both timber and aluminium were assigned as brick ele-
ments in the simulation program.Material properties thatwere previously established
for Western white pine and aluminium (Table 1) were used as inputs for the FEA
simulation.

The developed 3D models were assumed to be geometrically linear which could
respond to the system with linear elasticity [7]. The results generated by the static
stress analysis were assumed not to be sensitively dependent on the selected mesh
size [8].

3 Results

3.1 Stress–Strain Analysis

In the stress–strain analysis, the maximum value of stress and strain generated from
the simulation were recorded and analysed. The evaluation was carried out to review
the modulus of resilience generated from the stress–strain curve. In the FEA in this
section, Tan and Smith [10] convinced that accurate stress distributions in members
were obtained in the elastic range of analysis. The comparison using the modulus of
resilience, as Roylance [9] states where the material can absorb the energy without
suffering damage, shows that the higher the modulus of resilience, the more energy it
can store. These values were acquired by calculating the area under the stress–strain
curve. Connector 1 recorded the highest resilience (1211), followed by Connector
4, Connector 2, Connector 5, and Connector 3 with resilience values of 371, 40, 18,
and 15, respectively. These values show the capability of the connector design to
withstand the loading compared with other designs.



Connector Design Selection for Modular Forest Bridge … 173

3.2 Displacement Analysis

This analysis focused on vertical measurement during deformation specimen when
the loading was applied. Each connector reacted and responded with different
behaviours under the applied loading. In three points bending test, the highest dis-
placement and deformation occurred at the mid-span of the specimen. In the dis-
placement analysis the design of Connector 1 recorded the highest displacement
with 0.045 m, followed by Connector 4, Connector 2, Connector 3, and Connector 5
with displacement values of 0.029, 0.026, 0.025, and 0.022m, respectively. Displace-
ment analysis was calculated for the whole specimen body. Since this study analyses
the hybrid material which was assembled by the connector at the mid-span of the
specimen, therefore, displacement result could not be used as the main parameter to
determine the connector design.

3.3 Volume Analysis

Volume is considered in the selection connector design because the weight of struc-
ture affects the transportation, handling, and assembling times at the installation site.
The highest weight of the connector is from Connector 3 followed by Connector 4,
Connector 5, Connector 2, and Connector 1 with the volumes of 0.009, 0.008, 0.007,
0.006, and 0.003 m3, respectively.

4 Discussion and Conclusion

In this specific analysis, the result ofmodulus of resiliencewas calculated basedon the
assembly of segmented timber beamand aluminiumconnector.Modulus of resilience
reflects the capability of the material to store energy under the deflection. Therefore,
the selected connector design should be capable of sustaining the stress during the
applied loading. Thus, a higher value ofmodulus of resilience shows higher capability
of the connector design to withstand the loading. The weight of the structure, which
is reflected from the volume of the connector design, will eventually impact the
process of installation and removal of the modular and mobile bridge structure.
Thus, a lighter structure is recommended. Connector 1 showed a promising result
based on resilience and volume analysis. However, displacement analysis shows that
the timber beam is more suggestible for reinforcement to reduce the displacement
if Connector 1 is selected. This concept of the modular mobile bridge allows the
forest manager to reach the remote areas in the forest by using this kind of bridge for
stream crossing, and also, it can be used on steep terrain. These modular and mobile
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concepts need customised designs and lightweight characteristics of materials. Good
modular designwith the right selection ofmaterialwill ease the handling, assembling,
installation, and also maintenance purposes.

Acknowledgements The authors gratefully acknowledge the use of the facilities at Forest Research
InstituteMalaysia (FRIM). This study was funded by project P23085100018005 under the Eleventh
Malaysia Plan.

References

1. Brinker RW, Taylor SE (1997) Portable bridges for forest road stream crossings. Alabama
Cooperative Extension System, Florence

2. Chow B (2013) Engineering manual. Forest service, British Columbia
3. DexterRJ,OsbergCB,MutzigerMJ (2001)Design, specification, installation, andmaintenance

of modular bridge expansion joint systems. J Bridge Eng 6:529–538
4. Dey P, Narasimhan S,Walbridge S (2017) Evaluation of design guidelines for the serviceability

assessment of aluminum pedestrian bridges. J Bridge Eng 22:04016109. https://doi.org/10.
1061/(ASCE)BE.1943-5592.0000983

5. Forest Products Laboratory (1999)Woodhandbook—wood as an engineeringmaterial.General
Technical Report FPL–GTR–113. U.S. Department of Agriculture Forest Service, Madison

6. Leete R (2008) Malaysia sustainable community: forest management in Sabah
7. Minalu KK (2010) Finite element modelling of skew slab-girder bridges. M.Sc. thesis,

Technical University of Delft, Netherlands
8. Park J, Yindeesuk S, Tjhin T, Kuchma D (2010) Automated finite-element-based validation of

structures designed by the strut-and-tie method. J Struct Eng 136:203–210
9. Roylance D (2001) Stress-strain curves. https://doi.org/10.1361/aac
10. Tan D, Smith I (1999) Failure in-the-row model for bolted timber connections. J Struct Eng

125:713–718
11. Taylor SE, RitterMA,MurphyGL (1995) Portable glulam timber bridge design for low-volume

forest road. In: Proceedings of the 6th international conference on low-volume roads, vol 2, pp
328–338

12. XuB,Bouchaïr A, Racher P (2014)Appropriatewood constitutive law for simulation of nonlin-
ear behavior of timber joints. J Mater Civ Eng 26(6):1–7. https://doi.org/10.1061/(ASCE)MT.
1943-5533.0000905

https://doi.org/10.1061/(ASCE)BE.1943-5592.0000983
https://doi.org/10.1361/aac
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000905


Applying Fire Simulation to BIM
Modeling with API Programming
for Evacuation Time Calculation

Te-Wei Fan

Abstract Revit secondary development (Revit Application Programming Interface,
abbreviation Revit API) is currently and often used within Revit, and it is the Revit
development trend of future BIM software. BIM is already closely tied to the con-
struction industry, and BIM is inseparable from some large public infrastructure
projects. In this literature, the Revit API is being used to derive the parameter data
from the Revit model to carry out calculations for analysis and study on the feasibility
of using the Revit API to draft the personnel evacuation program.

Keywords BIM · API · Evacuation

1 Introduction

Building Information Modeling is abbreviated as BIM. On the basis of the various
related information and data of the construction project, the construction model is
being established through simulation of digital information to construct real infor-
mation. BIM is not just simply the integration of digital information but the digital-
ized method of using digital information to design, construct, and manage. Such a
method to support the integrated management environment of a construction project
can enable the construction project to significantly enhance efficiency and greatly
reduce risk. This maximizes the reduction of investment in construction costs and
achieves the goal of maximizing profits for the investment parties of the construction.
Hence, BIM can be said to be the development trend for construction in the future.
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So products based on Revit are parametric BIM tools, and these tools are similar
to CAD in the purpose of assisting with computing design. They can be used with
3D modeling or 2D diagrams.

The use of API within Revit can help with seamless design of add-on applications
that you want and it can be synchronized with Revit user interface and commands.
The API can also be used to help us execute the repeated steps within the design,
such as capturing of information from the modeling diagram, selection and setting
up of single structure, and to carry out analysis on the downloaded Revit model.

2 Literature Review

Wang et al. [1] presented an evaluationmethod by fire simulation combinedwithBIM
modeling for calculating and assessing the evacuation time required with allowable
time permitted for safety evaluation in fire condition. Subsequent efforts showing
that how BIM models were implemented to help determine the evacuation planning
with the information provided [2].

In the thesis written by Lin [3] from the National Central University, the Fire BIM
fire disaster investigation system of the Revit API was used in a Revit model that
was already set up to collect and analyze building information after fire disasters. In
comparison to the traditional handwritten post-disaster reports, it is more authentic
and convenient.

The study by Jia et al. [4] utilized the FDS evacuation software to add to the social
force model proposed by the scholar Helbing, and further used the evacuation time
formula proposed by Togawa, where analysis was carried out on different density
conditions of 80 people, 160 people, and 240 people. Comparisons on the results of
different positions and width of escape routes were made. It was concluded that the
wider the exit routes, the shorter the evacuation time.

In the study by Chen and Yang [5], Simulex of IES was used in combination
with the FDS system. The study was carried out in conjunction with the building
regulations of the Taipei Dome, to provide some recommendations for modification
of evacuation routes in the Taipei Dome.

In the study by Zhuang [6], the Autodesk Revit modeling was used with the FDS
system to simulate the fire disaster process. This similarly proves that the use of BIM
can be beneficial to disaster prevention, i.e., evacuation during the occurrence of a
fire disaster.
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3 Method

Model setup: Upload the Autodesk diagram of 6F in the administration building of
Chung Hua University as shown in Fig. 1 and the required fire parameters as shown
in Fig. 2 into Autodesk Revit. Following which the pillars, walls, and floor boards
will be built according to detailed measurements as shown in Figs. 3 and 4.

Drafting and Execution of Revit API [7], tabs are considered to be added in
advance, and two models are separately used to analyze the evacuation conditions
of personnel.

1. The same evacuating person is given different escape routes and then the evac-
uation time is calculated subsequently after the operator has selected the escape
route.

2. Preset the position and escape route of the evacuating person according to the
different number of people for selection (1–5 persons). The total evacuation time
is calculated after the selection is made

Themain formula for personnel evacuation analysis is the oneproposedbyTogawa
[8]:

T is the escape time; P is the total number of personnel escaping; d is the width
of the exit; N is the exit flow volume; L is the distance of the farthest exit from the
room; v is the speed of the personnel.

Fig. 1 CAD drawing of the administration building
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Fig. 2 Fire parameters for modeling

Fig. 3 Dimensions and attributes of columns
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Fig. 4 Dimensions and attributes of floors and walls

The entire model established is shown in Fig. 5.
Assuming its variable v = 5 m/s, and according to the reference information,

the age of the evacuating personnel will affect the value of the escape flow volume.
The primary range is distributed between 1.25 and 1.97 p/m/s. We select the middle
value 1.6 p/m/s and assuming the exit door width is d=3 m. For the distance from L,
we select the total length of the preset modeling line at the time of Revit modeling
obtained from the Revit API. The escaping personnel P is determined according to
the situation.

Fig. 5 3D model established by Revit



180 T.-W. Fan

The Code for panel are listed as follows:

{
Searching for coded .dll and the path of graph in computer
Establish Program Panel

} 
private void AddPushButton(RibbonPanel panel)
{ 

Establish Code for Button
} 
private void AddSplitButton(RibbonPanel panel)
{ 

Establish Code for Pull Down Menu
} 

} 
} 
Code for selectional evacuation mode:
using System; 
using Autodesk.Revit.UI; 
using Autodesk.Revit.DB; 
using System.Windows.Forms; 
namespace lineLength
{

[Autodesk.Revit.Attributes.Transaction(Autodesk.Revit.Attributes.TransactionMode.Ma
nual)] 

public class CslineLength : IExternalCommand 
{ 
public Result Execute(ExternalCommandData commandData, ref string message, 

ElementSet elements )
{

foreach (Element elem in collection) 
MessageBox.Show("length of escape route"+total length calculated+"meter\n"+

"escape timing"+total timing+"sec", "Revit", MessageBoxButtons.OK); 

return Result.Succeeded; 
}
public Parameter FindParameter(Element element) 

using System;
using Autodesk.Revit.UI;
using Autodesk.Revit.DB;
using System.Windows.Media.Imaging;
namespace Evacuation
{ 

[Autodesk.Revit.Attributes.Transaction(Autodesk.Revit.Attributes.TransactionMode.Ma
nual)]

public class CsEvacuation : IExternalApplication
{        

public Result OnShutdown(UIControlledApplication application)
{ 
return Result.Succeeded;

} 
public Result OnStartup(UIControlledApplication application)
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{
Set null
foreach (Parameter parameter in element.Parameters) 
 } 
derived ength feedback} 
} 

}
Code for designated evacuation mode:
using System;
using Autodesk.Revit.UI;
using Autodesk.Revit.DB;
using System.Windows.Forms;
//System.Windows.Forms 
namespace RevitAPI1
{ 

[Autodesk.Revit.Attributes.Transaction(Autodesk.Revit.Attributes.TransactionMode.Ma
nual)]

public class Class1 : IExternalCommand
{ 

public Result Execute(ExternalCommandData commandData, ref string message, 
ElementSet elementset)

{ Acquire length of designated id
Parameter setup for total length acquired
MessageBox.Show("escaping time"+esult derived+"sec", "Revit", 

MessageBoxButtons.OK);
return Result.Succeeded;

} 
  } 

} 

4 Results

The established panel are as shown in Fig. 6.
The heat release rate from analysis results is as shown in Fig. 7, the temperature

derived from analysis results is as shown in Fig. 8, and the designated CO results is
as shown in Fig. 9.

With the hand book of SFPE [9] of fire protection engineering, personnel safety
thresholds as shown in Table 1 were set to assess the results fromAPI calculated time
for evacuation in fire simulation. Table 2 shows the results of evacuation time-derived
API plug-in which were calculated using formula.

5 Conclusions

This study has utilized the Revit modeling of BIM software. The main purpose is
to familiarize the secondary development of Revit, i.e., Revit API. The writing of
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Fig. 6 Escape plug-in panel established

Fig. 7 The heat release rate
derived from simulation
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Fig. 8 The temperature
from simulation
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the Revit API is able to capture the data attributes of the components within Revit
through designated or manual selection method, and to carry out the calculation of
the presented results. In this study, the disaster evacuation aspect of the study was
combined with the Revit API. The most matured personnel evacuation software and
disaster prevention software in the industry today such as: Comparison of SImulex
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Fig. 9 The CO content
derived from simulation
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Table 1 Endurance and safety limits from SFPE hand book

Chem. prod. 5 min 30 min

Limit Death Limit Death

CO (ppm) 6000–8000 12000–16000 1400–1700 2500–4000

CO2 (%) 7–8 >10 6–7 >9

O2 (%) 10–13 <5 <12 <7

Table 2 Results of evacuation time derived API plug-in

Fire scenes Evacuation time (minutes) Simulated allowable time (minutes)

100 persons 300 persons CO CO2 O2

Fire scene 1 5.2 12.8 19.3 17.3 26.7

Fire scene 2 5.5 12.9 21.1 18.8 34.8

Fire scene 3 5.3 12.8 19.1 18.0 28.3

from IES with FDS have been compared. All comparisons are needed to be intro-
duced into the modeling and the format conversion within will also generate certain
result deviations. In comparison, the use of Revit API can reduce the deviation from
modeling conversion and is more convenient as well as relatively accurate with the
results.

The purpose of this study is to utilize the Revit API to capture the data within the
Revit modeling. Only the personnel evacuation route is captured and the calculation
is carried out. Many objective factors such as multiple characteristics, gender, and
age have yet to be considered. Hope that the following recommendations can be
developed in the future:

1. The calculation formula can include factors on gender, characteristics, and age.
2. Familiarize further with the Revit API, just select only one point from the Revit

modeling, and detect the edges of the walls through a method similar to as
proposed, to calculate the fastest and nearest escape time.
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3. Utilize mobile app to carry out three-dimensional observation and analyze the
escape results of personnel affected by disasters facilitated with the display of
routes on convenient spots on the mobile phone.
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Compressive Strength of Peat Soil
Treated with Waste Tyre Granules

Nor Hazwani Md Zain and Muhammad I’zaz Zulastry

Abstract Peat is a highly organic and very compressible material, which is unable
to support any building structure. It is formed in a waterlogged condition, which has
limited oxygen supply. Owing to population growth, construction on this land can
no longer be avoided for building developments. The construction industry is now
looking forward to sustainable solutions. Therefore, the usage of waste tyres is seen
as a potential replacement additive that can reinforce peat compared to other ground
treatments such as cement or coarse aggregates. Nowadays, the disposal of waste tyre
rubber has become amajor threat to the environment globally. This paper investigates
the compaction and unconfined compression strength characteristics of peat when
treated with 5, 10, and 15%waste tyre granules. The results were then compared with
untreated peat sample. It is observed that the maximum dry density increases and
the optimum moisture content decreases when waste tyre was added at increasing
amount. The stiffness of peat also increases with increasing tyre dosage as higher
undrained shear strength is obtained. From this study, it is possible to use waste tyre
granules as a fill material to improve the compaction and strength properties of peat
soils.

Keywords Peat · Tyre · Compaction · Organic soil ·Waste

1 Introduction

Peat is a dark brown and black fragmented organic soil formed in a waterlogged envi-
ronment. It is derived from incomplete decomposition and disintegration of sedges,
trees, mosses, and other plants growing in wet places and marshes, which is limited
in oxygen supply [1]. The water content can reach up to 2000% depending on the
location of peat, while organic content is normally more than 75%. Classification of
peat is normally described based on the degree of decomposition and fibre content.
Degree of decomposition involves a visual examination, which describes the nature
of the material extruded upon squeezing. Meanwhile, the amount of fibre content
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in peat is described based on the amount of plant fragments that are retained on a
150 µm sieve size with a distinct cellular structure [2].

This soil is very problematic in nature due to its high compressibility and low
in shear strength, which makes it difficult to support building load. Therefore, engi-
neers tend to avoid doing construction works on this soil. Excavating and replacing
or displacing the peat soil is one way of resolving the problem. Apart from that,
chemical additives, compaction control, stone columns, lightweight fills and surface
mattresses, surcharge loadings, pre-loading, and thermal methods have also been
adopted when dealing with this difficult soil [1, 3]. However, some of the methods
used have been criticised for being costly, ineffective, and unsustainable to the envi-
ronment. For example, remove and replace, compaction control, stone column, and
surcharge loadings are rather expensive and additives used in the stabilisationmethod
such as lime produces calcination process, which emits carbon dioxide emission and
requires high energy consumption [4], while methods involving cement production
increasingly produce harmful carbon dioxide, which causes global warming. In addi-
tion, some of these methods may also require a favourable pH environment, which
can be difficult to control in a highly organic soil such as peat due to its acidic
condition.

Nowadays, the increasing quantities ofwastematerials, shortage of landfill spaces,
and lack of natural earth materials have now become very alarming. Hence, there is
an urgency in finding alternative ways to recycle and reuse waste materials instead of
being totally dependent on natural resources, which have become scarce. It has been
reported that 250 million tyres are discarded annually (approximate one tyre per per-
son) and the latest figures are not showing any sign of declining [5]. In Malaysia, it is
estimated that 8.2 million or 57,391 tonnes of waste tyre are being produced annually
[6].Waste tyre granules can be used as a substitute for aggregates in engineering fill. It
has high strength (especially when steel belted), low density, high durability, and the
material is in high supply at a low cost. In geotechnical engineering, waste tyres have
been used in different applications, such as retaining structures, earth embankments,
asphalt pavement and paving system, foundation beds, and others [7].

Studies have shown that waste tyre is able to improve the strength behaviour of
soil. The authors of [8] studied the effects of including different amounts of shredded
tyre chips (5, 10, 15, and 20%) in samples of peat soil with a fixed amount of sand.
The results indicated that peat treated with 10% shredded tyre chips and sand had
the highest unconfined compressive strength. Compaction tests were also performed
by [6] and the results indicated that peat tyre-treated samples showed a reduction in
maximum dry density (MDD) and an increase in optimum moisture content (OMC)
as the amount of shredded tyre increases. Studies by [9] showed that at a high
percentage of crumb rubber and using larger crumb rubber size, higher maximum
dry density with no significant variation in optimum moisture content was observed
in treated silt of high plasticity. An increasing trend of OMC and MDD is observed
in clay of high plasticity soil when larger crumb rubber was used.

Peat is a complex material that requires detailed investigation as its behaviour
changes depend on the degree of decomposition. Limited studies have been reported
to understand the peat behaviour using waste materials such as tyre. Therefore, the
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aim of this paper is to investigate the inclusion of waste tyre as a replacementmaterial
in peat in terms of compaction and strength behaviour.

2 Properties of the Materials Used

2.1 Peat Soil

Peat soil was collected from a site located at Jalan Johan Setia, Klang, Selangor. The
site location is shown in Fig. 1. The sample is a brownish black-coloured peat with
a moderate degree of decomposition and recognisable plant structure. The water
content is within the range of 200–700%, which is typical for peat in Peninsular
Malaysia [10]. The organic content exceeds 75%, which refers to peat [2]. From the
fibre content, the peat is considered as hemic peat for having fibre content around
33–67% [11]. The pH of peat is considered very acidic according to [2]. The physical
properties of the material are summarised in Table 1.

Fig. 1 Location of peat
sampling at Jalan Johan
Setia, Klang (blue box)

Table 1 The physical
properties of peat sample with
relevant testing standards

Physical and chemical
properties

Results Standard

Soil classification Peat ASTM-D4427-07

Moisture content 606.8% BS:1377:2 (1990)

Specific gravity 1.57 BS:1377:2 (1990)

Organic content 87.09% ASTM-D2974-07a
(Method C)

Fibre content 50.12% ASTM-D-1997-91

Degree of humification H5-H6 ASTM D5715-00

pH 4.08 BS:1377:3 (1990).
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Fig. 2 Recycled waste tyre
granules obtained from
grinded scrap tyres

2.2 Waste Tyre

Recycled waste tyre granules containing 0.03% steel wires and nylon fibres passing
5–8 mm sieve with a density of 1.15–1.20 g/cm3 were used as reinforcing mate-
rial. The tyre granules were collected from a reclaimed rubber industry located in
Selangor. Figure 2 shows the sample of waste tyre granules used in this research.

3 Sample Preparations and Test Methodologies

3.1 Preparation of Compaction Sample

Four groups of samples were prepared; natural peat and peat mixed with 5, 10, and
15% tyre granules. Natural peat soil was first air-dried on a tray until reaching at least
50%moisture content. Then, air-dried peat was sieved on a 2mmmesh sieve aperture
in order to remove large particles. Drying organicmaterial in a high-temperature oven
should be avoided in order to prevent degradation of the organicmatter [12]. Particles
passing 2mmsieve sizewere then used for preparing the admixtures. The consistency
of the sampling is very important for peat as the moisture content can easily dry out
during handling. Hence, thewater content of the sample beforemixing should always
be checked regularly in order to prevent any data inconsistencies. Once the sample
was air-dried to the point of the required water content, around 1.5 kg of peat soil
was thoroughly mixed with 5, 10, and 15% waste tyre granules using a hand glove
for 10 min.
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3.2 Standard Proctor Compaction

The standard Proctor compaction test was carried out in accordance to BS1377-
4-1990 standard in order to determine the optimum moisture content (OMC) and
maximum dry density (MDD) for all the samples. Each sample was compacted
using 2.5 kg rammer with a tamping height of 300 mm in three layers, where each
layer was subjected to 27 blows. For each compaction sample, water was added at
an increment of 5% from the weight of soil. For each stage of water increment, some
mixed samples were taken for water content determination.

3.3 Preparation of Unconfined Compressive Strength Sample

All samples were compacted at their optimum moisture content in the compaction
mould with extension collar and base plate. Each sample was compacted in three
layers where for each layer, 27 blows were applied by using a rammer weight of
2.5 kg. Compacted soil was then extruded according to the size of unconfined com-
pressive strength where the sample dimensions were 100 mm in height and 50 mm
in diameter as specified in BS1377-4-1990.

3.4 Unconfined Compressive Strength Test

The unconfined compressive strength test was performed according to BS1377-7-
1990. The test was conducted at zero cell pressure. For each sample, the maximum
compressive stress was determined in order to determine the undrained cohesion of
untreated and treated peat samples. Figure 3 shows the sequence of testing starting
from the stage of preparation of the sample.

Fig. 3 a Peat is mixed with waste tyre granules. b Compacted treated peat with compaction mould
is held on the extruder. c UCS sample is extracted from the compacted tyre treated peat sample and
then transferred to UCS testing machine
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Table 2 The optimum
moisture content and
maximum dry density for
each tested sample

Type of sample OMC (%) MDD (mg/m3)

Natural peat 125 0.494

Natural peat + 5% waste tyre
granules

123 0.52

Natural peat + 10% waste tyre
granules

118 0.542

Natural peat + 15% waste tyre
granules

100 0.56

4 Experimental Results and Discussion

4.1 Compaction Test

The results of compaction test on natural peat and tyre treated peat samples are shown
in Table 2. It seems that the optimum moisture content (OMC) decreases when the
amount of tyre granules added in the sample increases. However, the maximum dry
density (MDD) increaseswith an increasing amount of tyre granules.Waste tyre gran-
ules replace the air voids in peat which results in a higher density after compaction.
However, the optimummoisture content (OMC) reduces when the percentage of tyre
in soil increases. This shows that waste tyre has low absorption capacity.

4.2 Unconfined Compressive Strength Test

Figure 4 shows the relationship between unconfined compressive strength and axial
strain for untreated peat and tyre-treated peat samples. The unconfined compressive
strength of each samplewas first obtained by determining themaximum compression
stress that the soil can sustain before it fails. Then, the undrained cohesion was
obtained by plottingMohr circles at zero cell pressure. The results in Table 3 indicate
that higher undrained cohesion is obtained when the percentage of waste tyre added
in the soil is higher. Peat sample, which contains 15% waste tyre granules, shows
the highest unconfined compressive strength and undrained cohesion as this amount
shows the highest maximum dry density.

5 Conclusion

The compaction and compression properties of peat after being treated with waste
tyre granules were investigated using laboratory tests. The samples were prepared by
adding waste tyre granules in the amounts of 5, 10, and 15% by weight of soil. The
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Fig. 4 Stress versus strain curves for untreated peat and treated peat samples

Table 3 The results of unconfined compressive strength and undrained cohesion for each tested
sample

Type of sample UCS value Undrained cohesion, cu (kPa)

Natural peat 6 3

Peat + 5% waste tyre granules 32 16

Peat + 10% waste tyre granules 45 22.5

Peat + 15% waste tyre granules 55 27.5

compaction test results show that higher percentage of tyre granules contributes to
higher maximum dry density (MDD) and lower optimum moisture content (OMC).
Meanwhile, the unconfined compressive strength test results show that higher per-
centage of waste tyre added in peat results in higher undrained cohesion. Further
research is needed to investigate the optimum tyre amount that is suitable in peat
samples having different organic contents and degrees of decomposition. Other
geotechnical properties tests have been planned to be conducted in the future to
better understand the behaviour of peat mixed with waste tyre.
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Safety Misbehaviour and Its Effect
Towards Safety Performance
of Construction Projects

I. Othman and A. Azman

Abstract The construction industry, mainly the infrastructure projects, in the world
reported the highest frequency of industrial accidents, mostly among the frontline
workers. Domestic and international disaster-related reports indicate that the work-
ers have high risk associated with poor safety behaviour as a major cause of acci-
dents. Those accidents resulted in inferior project performancewithworks delays and
financial losses due to safety procedures that need to be followed, such as project
stop-work orders and payment for injury treatment cost for the workers involved.
Therefore, this study assesses the causal factors of safety misconduct in construction
projects that might affect the safety performance through the application of struc-
tured questionnaire and case study of an infrastructure construction project. The
statistical techniques including relative importance index (RII) and average index
(AVI) were used to analyse the data gathered, while the Statistical Package for
the Social Sciences (SPSS) was used to measure the Spearman’s rank correlation
between four different groups of respondents, the Cronbach’s alpha (reliability test),
and validity of the study. Based on the highest impact factors identified, a frame-
work of safety behaviour control management was proposed to improve the safety
performance at the construction project. The study concludes with the conclusion on
the data attained and recommendations for the improvement of safety practices in
construction projects.

Keywords Construction · Safety behaviour · Causal factors · Risk

1 Introduction

Construction is a complex activity where various stakeholders are present, working
under constant challenge by demands of the job. Each job will have several safety
and risk factors, requiring quality and safety management systems to be established
as indicated by Mehta and Agnew [1]. In Malaysia, the construction industry has
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advanced since independence from British on 31 August 1957. Nowadays, the con-
struction sector is a very important and productive sector of the Malaysian economy.
Since 1970s,Malaysia, a fast-developing nation inAsian region, has realized the vital
role of the construction sector, which not only contributed to economic growth but
also augmented the quality of life and living standards of citizen. Construction indus-
try is also an important industry that plays a vital role in the socio-economic growth
of a country. Economically, it contributes to significant improvement in the over-
all gross domestic product (GDP) of a country. The industry has been consistently
contributing approximately 3–5% towards the national GDP [2].

There is an increment in growth of construction, which is from 6 to 15% since
the 1970s until middle 1990s [3]. Nevertheless, despite these contributions, the con-
struction industry has faced with a wide range of challenges, which are the frequent
occurrences of accidents at the workplace. To be compared with other industries, the
construction industry is five times riskier [4]. The safety of workers is a complex
phenomenon since construction is always dicey because of outdoor operations, work
at heights, complicated on-site plants, and equipment operation coupled with work-
ers attitudes and behaviours towards safety. Several risk factors including workers’
behaviour have been suggested to have influence on the general safety at the work-
place. Therefore, bad workers’ safety behaviour can be considered as one of the
major factors which affect the overall project performance as it causes time and cost
overruns. Hence, a suitable safety management plan should be done thoroughly to
reduce the safety misbehaviour by the workers, which has a significant impact on
project performance.

Despite the fact that improvements in construction safety have been made over
the last decade, accidents and injuries still occur on construction sites from time to
time and it appears that construction safety has reached a plateau. These accidents
and injuries have resulted in huge personal, social, and economical costs, and also
resulted in an unsatisfactory project performance of works’ delay and financial losses
due to safety procedure that needs to be followed such as project stop-work orders
by safety officer and payment for injury treatment costs for the workers involved.

To prevent accidents and poor project performance, considerable attention has
been paid by the author to explore their root causes. A classic work of Heinrich’s
Domino Theory (1931) understood accidents as linear outcomes of unsafe conditions
and human errors. It was claimed that over 88% of preventable accidents were caused
by unsafe behaviours [5]. Such an understanding has led to a traditional view on
human error, which is a cause of accidents [6]. Hence, the unsafe behaviour or safety
misconduct constitutes the most significant factor towards low safety performance
of any construction project.

This project focuses on some of the objectives, which are:

• To identify and rank the causal factors of workers’ safety misbehaviour during the
construction stagewhich contributes largely to the safety performance and triumph
of overall project basedon relative importance index (RII)with correlation between
construction practitioners.
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• To validate the factors and construction practices influencing the safety perfor-
mance during the construction phase through the application of project case
study.

The scopes of study in this project are as follows:
This research is to identify, rank, and analyse the causal factors of workers’ safety

misbehaviour based on the actual case study of an infrastructure construction project.
The application of gap analysis system in this research tends to improve the validity
of it through identifying the relative factors that may have not been explored yet by
past researches.

The construction industry has constituted the highest rates of casualties than other
industries worldwide [7–12]. HSE states that the construction industry brings signifi-
cant contribution and benefit towards facilities production, initiates various economic
activities, and enhances the social and environmental needs of a nation [13]. Thus,
construction safety becomes one of the significant concerns.

Safety performancewas traditionallymeasured according to the record of accident
or injury data [14]. Hallowell et al. [15] stated that actions were being taken in
response to adverse trends in injuries. Measures regarding the rate of accidents and
compensation costs can either be forthcoming or after the event and are relatively
uncommon [16]. Focusing on safety results, the success of safety is indicated by levels
of system failure [14]. However, most of the safety professionals and researchers
agreed that delaying indicators about an accident at workplace or injuries of people
must occur before a measure can be done. It may or may not provide the necessary
awareness to prevent future accidents [17].

The construction industry continues to account for a disproportionate number of
occupational fatal and nonfatal injuries [18]. However, in the last decade, regardless
of the continuous safety efforts, the injury rates by construction sector have increased.
According to the Bureau of Labor Statistics (2012), the US construction sector has
experienced more than 1000 fatal injuries every year between 1995 and 2008 [19].
In 2011, construction workers accounted for a fatality rate of 9.1 per 100,000 full-
time equivalent (FTE) workers, as opposed to the all-worker fatality rate of 3.5 per
100,000 FTE workers [20]. These injury statistics clearly prove that construction
workers are more likely to lose their lives or to be injured as compared to workers
from other industries.

According to National Safety Council (NSC; as cited in Mitropoulos et al. 2005),
“an unsafe condition or activity that, if left uncontrolled, can contribute to an acci-
dent” is known as hazard [21]. To prevent injuries, hazard recognition methods are
introduced at which procedural or physical controls are being used; thus, workplace
hazards can be identified and risk associated with these hazards can be minimized.
Hazards that can be detected during assessment may have less control in place; con-
sequently, it may lead to severe threat to both safety of workers and the environment.
Thus, it is very crucial to execute an organized effort to identify and evaluate pro-
cesses and activities for potential hazards. Those kinds of both informal and formal
methods provide important information. From the information obtained, the safety
problems can be addressed and operational risks can be managed.
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In construction industry, improper safety behaviour is known as one of the serious
problems. The number of accidents in construction project is increasing proportion-
ally with a vast development of this industry, which then, will affect the safety perfor-
mance. Therefore, it is very vital to identify the factors and construction practitioners’
practices that influence the safety behaviour of the workers in construction projects
in order to overcome the problems stated, and prevent fatalities either directly or indi-
rectly. Themain identified factors are: (1)worker involvement factor, (2)material and
equipment factor, (3) workplace factor, and lastly, and (4) management involvement
factor.

2 Methods

Descriptive method, which involved collecting data in order to answer the questions
concerning the subject of the research, was chosen as a method for this study. This is
because as mentioned by Fraenkel and Wallen [22], descriptive method is a method
used to explain, analyse, and classify something through various techniques, survey,
interview, questionnaires, observation, and text. This type of research is used to find
the answers to who, what, where, and how questions. It was designed to portray the
characteristics of a population (Saunders et al. 2007).

There are four methodology phases for this research; literature review, case stud-
ies, empirical studies, and evaluation. The purpose of this study is to identify the
causal factors of workers’ safety misbehaviour and rank them.While mainly looking
into construction industry in Malaysia, the researcher is trying to understand better
about the industry by describing the current performance of the Malaysian construc-
tion sector through study. Those will help the researcher to identify the areas of
problems and try to provide corrective measures towards the safety problems. Thus,
this study can be explained as descriptive.

The next step is the distribution of questionnaire survey among construction pro-
fessionals including engineers, safety and health officers, site supervisor, and others
which have been involved in the construction project. According to Hill [23] by
increasing the sample size, more data can be collected, and the statistical power
is improved. Based on Roscoe’s Simple Rules Of Thumb, Roscoe (1975) in most
research recommended samples of 30 or more, whereas the use of statistical anal-
yses with samples less than 10 is not recommended [24]. Therefore, there are 30
respondents who have been participated throughout the survey.

3 Results and Discussion

A total of 35 questionnaires were administered for this survey, of which 30 were
returned with valid responses. The questionnaires were distributed through online
form method. This showed a response rate of 86%. From the results attained, it
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was observed that majority of the respondents believed that they were aware of the
importance of good safety behaviour in a construction project in order to have high
safety performance and prevent occupational fatalities and injuries.

3.1 Lack of Supervision

Lack of supervisionwas ranked as the first highest impact factorwith highest AVI and
RII. Lack of supervision for material and equipment-related factor might be due to
lack of safety awareness among the contractor practitioners. This problem then led to
the unsafe attitude and behaviour towards thematerial and equipment handling. There
is no proper guidance to the workers regarding their work. Therefore, it is needed
for the worker to be briefed and the supervisor should be responsible in monitoring
the worker. This is because not all of the workers have holistic knowledge regarding
safety control practices and they tend to do their work with the wrong sequence
and method. Based on the problem, it is advisable to the contractor company to
enhance the safety knowledge of the workers by giving internal trainings, regular
briefings, and also by providing the safety booklets that can be understood easily by
the workers.

3.2 Lack of Worksite Inspection

The second highest impact factor for the implementation of safety control on
resources is the lack of worksite inspection, which is categorized under workplace-
related factor. Lack of worksite inspection might occur due to irresponsible contrac-
tor practitioners; therefore, safety awareness should be developed among them, and
more importantly, to the top management. Lack of worksite inspection also might be
due to lack of budget provided to hire fulltime safety personnel. However, worksite
inspection is very crucial to provide safety controls since the construction workers
are exposed to hazards more than other industries. The workers are involved in con-
creting work, plastering work, and others which are very risky due to the changing
conditions and risky areas. Since the worksite inspection was rarely been done, the
workers tend to disobey the rules in construction project. For example, they tend to
not wear proper PPEs and perform their task in an unsafe way. Besides, the critical
surroundings such as the void areas will not be properly covered or secured and the
scaffolding will not be inspected. Therefore, it is needed to have site assessments
and react properly to the wrong actions, so the potential hazards can be identified
and can be addressed before any unwanted incidents occur.
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3.3 Unsafe Behaviour and Attitudes

With the third highest AVI (4.000), unsafe behaviour and attitude have been cat-
egorized under the high impact factor. This problem occurrence might be due to
lack of knowledge among the workers. The workers tend to act based on their own
way, which is opposed to the correct method. Besides, this problem also happens
because the workers receive minimum guidance for safety control practices. There-
fore, it is really important for the worker contractor to provide safety education
programmes and trainings for the worker. Besides, for the implementation of the
safety programme, full commitment from top management is required.

3.4 Poor Housekeeping

Housekeeping is one of the significant ways to keep the site’s environment in the
satisfying state. To improve the housekeeping, the site should be inspected by safety
and health officers. Besides, the site should be cleaned to have a proper access to the
construction site and to smoothen the construction workplace. Poor housekeeping
will lead to various unsatisfying condition, such as the stagnant water in the walkway
area leading to breeding ground for mosquitoes and can cause electrocution if an
electrical appliance was exposed to the water. Besides, the poor housekeeping also
causes the construction site to be exposed to the abundance of wastes in the site,
causing site constraint to workers. This can lead to serious accidents such as fall
from height. Therefore, regular inspection should be done and supervisors should
monitor the site condition.

3.5 Lack of Knowledge

Another top five highest impact factors affecting the implementation of safety control
on resources in construction project is lack of knowledge. This lack of knowledge
leads to various problems. Without adequate knowledge, the worker will exhibit
unsafe behaviour upon their work and they would also have poor housekeeping. The
contractor would have low safety awareness towards the hazards. However, it is very
vital for the worker to be provided with proper education and training regarding the
safety. The worker should be monitored by providing the adequate input to enhance
their daily work routine. Thus, reduces the risk at the workplace.
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4 Conclusions

This study has identified the top high impact causal factors of workers’ safety misbe-
haviour practices in construction projects. “Site supervisor” and “safety and health
officers” have rated “worker involvement related factors” as the highest impact fac-
tor compared to other groups of factors, while the engineers have mostly chosen the
“material and equipment related factors” followingwith “worker involvement related
factors” and “workplace related factors” as the highest impact factors. According to
the contractors’ practitioners, the least important factor is “management involvement-
related factors”. Based on the analysis, the top five highest impact causal factors of
workers’ safety misbehaviour practices are: (i) lack of supervision, (ii) lack of work-
site inspection, (iii) unsafe act and attitudes, (iv) poor housekeeping, and (v) lack of
knowledge. The framework on safety behaviour control management is developed.
The highest impact causal factors of workers’ safety misbehaviour practices in con-
struction project can be determined and several control measures are suggested in
order to overcome the highest rank root causes.

References

1. Mehta RK, Agnew MJ (2010) Analysis of individual and occupational risk factors on task
performance and biomechanical demands for a simulated drilling task. Int J Ind Ergonom
40(5): 584–591

2. Malaysia C (2009) Construction industry review 1980–2009 (Q1). Construction Industry
Development Board (CIDB), Kuala Lumpur

3. Raftery J, Pasadilla B, Chiang Y, Hui EC, Tang B.-S (1998) Globalization and construction
industry development: implications of recent developments in the construction sector in Asia.
Constr Manag Econ 16(6):729–737

4. Sawacha E, Naoum S, Fong D (1999, October) Factors affecting safety performance on
construction sites. Int J Proj Manag 17(5):309–315

5. Heinrich H, Superintendent A (1930) Relation of accident statistics to industrial accident
prevention. Proc Casuallity Act Soc 16(33–34):170–174

6. Dekker S (2004) Ten questions about human error: A new view of human factors and system
safety. CRC Press

7. Bansal V (2011) Application of geographic information systems in construction safety
Planning. Int J Proj Manag 29(1):66–77

8. Statisitcs BOL (2015) Census of fatal occupational injuries (CFOI) - Current and revised data.
https://www.bls.gov/iif/oshcfoi1.htm#charts. Accessed 2 July 2015

9. Statisitcs BOL (2015) Census of fatal occupational injuries (CFOI) - Current and revised data
2013 chart package. https://www.bls.gov/iif/oshwc/cfoi/cfch0012.pdf. Accessed 13 July 2015

10. Brunette MJ (2004) Construction safety research in the United States: targeting the Hispanic
workforce. Inj Prev 10(4): 244–248

11. HKOSA Health (2015) Occupational safety and health statistics. https://www.labour.gov.hk/
eng/osh/pdf/archive/statistics/OSH_Statistics_2012.pdf. Accessed 2 July 2015

12. HAS Executive (2015) Health and safety in construction in Great Britain.
https://www.hse.gov.uk/statistics/industry/construction/construction.pdf. Accessed 2 July
2015

https://www.bls.gov/iif/oshcfoi1.htm#charts
https://www.bls.gov/iif/oshwc/cfoi/cfch0012.pdf
https://www.labour.gov.hk/eng/osh/pdf/archive/statistics/OSH_Statistics_2012.pdf


200 I. Othman and A. Azman

13. HAS Executive (2015) Phase 1 report: underlying causes of construction fatal accidents—
a comprehensive review of recent work to consolidate and summarise existing knowledge.
https://www.hse.gov.uk/construction/resources/phase1.pdf. Accessed 2 July 2015

14. Choudhry RM, Fang D,Mohamed S (2007) Developing a model of construction safety culture.
J Manag Eng 23(4):207–212

15. Hallowell MR, Hinze JW, Baud KC, Wehle A (2013) Proactive construction safety control:
Measuring, monitoring, and responding to safety leading indicators. J Constr Eng Manag
139(10):04013010

16. Cooper MD, Phillips RA (2004) Exploratory analysis of the safety climate and safety behavior
relationship. J Safety Res 35(5):497–512

17. GrabowskiM,Ayyalasomayajula P,Merrick J,Harrald JR,RobertsK (2007)Leading indicators
of safety in virtual organizations. Safety Sci 45(10):1013–1043

18. Findley M, Smith S, Kress T, Petty G, Kim E (2004) Safety program elements in construction.
Prof Saf 49(2):14

19. Short KS, Garner TI, Bureau U (2012) The supplemental poverty measure a joint project
between the census bureau and the bureau of labor statistics by

20. Pegula S, Janocha J (2013) Death on the job: fatal work injuries in 2011
21. Mitropoulos P, Abdelhamid TS, Howell GA (2005) Systems model of construction accident

causation. J Constr Eng Manag 131(7):816–825
22. Fraenkel JR, Wallen NE, Hyun HH (2011) How to design and evaluate research in education.

New York: McGraw-Hill Humanities/Social Sciences/Languages
23. Hill R (1998) What sample size is “enough” in internet survey research. Interpers Comp

Technol: an Electr J 21st century 6(3–4):1–12
24. Roscoe JT (1975) Fundamental research statistics for the behavioral sciences [by] John T.

Roscoe

https://www.hse.gov.uk/construction/resources/phase1.pdf


Causes of Government Physical Project
Delays in Prime Minister’s Department,
Malaysia

Nor Aida Idrus, Syuhaida Ismail and Abd Latif Saleh

Abstract Most of the government physical projects are not completed on time as
specified in the contract due to the award of extension of time (EOT).As of the current
Eleventh Malaysia Plan (11 MP), the numbers of delayed projects keep increasing
and the delayed factors have remained the same. Most of these delays can be avoided
if the stakeholders at all stages of project implementation pay more attention during
the planning and implementation stages of the government physical project. There-
fore, this paper aims to appraise the causes of government physical projects delays in
Prime Minister’s Department, Malaysia. Via a questionnaire survey on 100 officers
from Prime Minister’s Department as the project’s client, Public Work Department
(PWD) as the project’s consultant, and Implementation Coordination Unit (ICU)
as monitoring agency, it is found that the causes of delay in government physi-
cal projects are due to consultant-related delay factors, client-related delay factors,
and contractor-related delay factors, consisting of poor consultant’s communication
with other stakeholders, poor consultant’s coordination with other stakeholders, and
poor consultant’s site management, as well as client’s financial difficulties, client’s
changes in design, and client’s tardiness in making decisions; and also contrac-
tor’s financial difficulties, problem of subcontractor, and shortage of contractor’s
labour, respectively. The findings of this paper are beneficial towards proposing the
area of improvement that can be translated into specific strategies towards on-time
government physical projects delivery in Malaysia.

Keywords Extension of time · Physical project · Construction · Prime Minister’s
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1 Introduction

The government of Malaysia remains as the largest client in the construction indus-
try, focusing mainly on the building of public facilities and infrastructures, such
as schools, hospitals, clinics, public housings, and roads. The construction industry
requires substantial financing [8]. For the overall implementation under the Eleventh
Malaysia Plan (11 MP), the Malaysian government allocates a development expen-
diture ceiling of RM260 billion for the period between 2016 and 2020 [3]. The total
for the government’s commitment to spearhead National Development from First
Malaysia Plan (1 MP) to Tenth Malaysia Plan (10 MP) is RM875.2 billion [3].

Despite the allocation by the government, construction delays are still apparent,
especially during the implementation stage of the government physical projects.
Delay in delivering government physical projects on schedule has become a serious
problem for the stakeholders involved. Based on Development Project Performance
Report by Implementation Coordination Unit (ICU) [6] of Prime Minister’s Depart-
ment, Malaysia, most of the government physical projects were not completed on
time as specified in the contract management and were further awarded the exten-
sion of time (EOT). ICU [7] also reported that 61 physical projects were delayed
due to problems encountered at implementation stage and 87% are delayed at con-
struction stage. Since physical project delays are seen as a common phenomenon for
government physical projects, even though government has implemented almost 13
national development plans, this paper aims to appraise the causes of government
physical projects delays in Prime Minister’s Department, Malaysia, towards on-time
government physical projects delivery in Malaysia.

2 Literature Review

Delay in government physical projects can be defined as delays exceeding onemonth
or 10% later than the expected schedule [5]. Hamzah et al. [4] defined delay as time
overrun or extension of time to complete the project. To place more emphasis, delay
in construction physical project can also be expressed as the time overrun or extension
of time behind the date agreed upon by the contract parties [11]. There are 25 causes
for construction physical projects delays, which are further grouped into consultant-
related delay factors, client-related delay factors, and contractor-related delay factors,
as shown in Table 1.

On the other hand, the causes of delays for five government physical projects under
Prime Minister’s Department have been also determined, as illustrated in Table 2,
namely: (1) improper planning and scheduling, (2) contractors and consultants are
not competent in implementing projects, (3) lack of effective communication and
coordination between parties, (4) estimated actual cost exceeds the allocated budget,
(5) changes in design, and (6) slowness in approving major changes in scope of work
[10].
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Table 1 Causes of construction physical projects delays by keyparticipants of physical construction
projects

Contractor-related delay
factors

Client-related delay factors Consultant-related delay
factors

1. Shortage of labours
2. Labour productivity
3. Materials delivery on site
4. Resources shortage
(material, machinery,
equipment)
5. Financial difficulties
6. Inadequate experience
7. Subcontractor problems
8. Construction mistakes and
defective work

1. Financial difficulties
2. Slowness in progress
payment
3. Changes by owner during
construction
4. Failure to provide the
required construction site
5. Slowness in making
decision by the owner

1. Professional team
productivity
2. Shortage in professional
team
3. Increment of material’s
price
4. Slowness in approving
major changes in scope of
work
5. Problems during inspection
6. Poor site management
7. Improper planning and
scheduling
8. Changes in design/design
error
9. Slow preparation and
approval of shop drawings
10. Incomplete documents
11. Lack of effective
communication and
coordination
12. Building permit approval

Source Yusof et al. [13],Othman and Ismail [9],Alias [1], Srdić and Šelih [12], Zidane andAndersen
[14], Hamzah et al. [4], Samarah and Bekr [11]

Table 2 Causes of delays for physical construction projects under Prime Minister’s Department

Project Delay and extension of time (EOT) Causes of delays

A 530 days delay from the original
completion date
Numbers of EOT: 5

1. Improper planning and scheduling
2. Contractors and consultants are not
competent in implementing projects

B EOT 1 approved for 59 days 1. Lack of effective communication and
coordination between parties

C 219 days delay from the original
completion date
EOT 1 approved for 219 days

1. Estimated actual cost exceeds the
allocated cost
2. Lack of effective communication and
coordination between parties

D 16% delayed from actual schedule 1. Changes in design

E 120 days delay from the original
completion date
EOT 1 approved for 120 days

1. Changes in design
2. Slowness in approving major changes
in scope of work
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3 Research Methodology

This paper used quantitative approach via document and literature review as well as
questionnaire survey. Extensive literature review on the data of government’s physi-
cal projects under PrimeMinister’s Department from government reports and related
studies is conducted in recognising the exact research area. As for the questionnaire
survey, the questionnaire went through a pilot run to 10% of expected sample [2]
to test the reliability and validity of the questions before being used for the actual
data collection. The questionnaire is distributed to three groups of stakeholders in
government physical projects encompassing 100 respondents, namely Prime Minis-
ter’s Department as the project client, PublicWork Department (PWD) as the project
consultant, and Implementation Coordination Unit (ICU) as the monitoring agency.
Finally, expert focus group interview is conducted on five ICU officers that have
experience and knowledge in project management more than 10 years to validate the
data found and analysed from the questionnaire survey.

4 Results and Discussion

The results of analysis on the questionnaire on the causes of government physical
project delays are shown in Table 3, where in general the most important delay factor
is consultant, followed by client, and finally contractor-related delay factor based on
the mean value.

Based on the results for RII analysis in Table 4 for the consultant-related delay
factors, it is found that only 16 out of 17 causes are practically significant and valid,
where the top 5 most important consultant-related delay factors are poor commu-
nication with other stakeholders, poor coordination with other stakeholders, poor
site management, improper scheduling, and improper planning. As for the client-
related delay factors, there are six causes identified based on importance ranking
consisting of financial difficulties, changes in design, slowness in making decision,
improper scheduling, failure to provide required construction site, and slowness in
progress payment, while for the contractor-related delay factors, all proposed causes
are deemed important by respondents and the top 5most important contractor-related
delay factors are financial difficulties, problem of subcontractor, shortage of labour,
poor site management, and inadequate experience.

Table 3 Results of mean value analysis

Delay factors of government physical projects in
Malaysia

Minimum Maximum M ± SD

1 Consultant-related delay factor 1.00 5.00 3.74 ± 0.92

2 Contractor-related delay factor 1.00 5.00 3.55 ± 0.85

3 Client-related delay factor 1.00 5.00 3.65 ± 0.97



Causes of Government Physical Project … 205

Table 4 Results of RII analysis

Priority Factors RII (%)

Consultant-related delay factors

1 Poor communication with other stakeholders 81.0

2 Poor coordination with other stakeholders 81.0

3 Poor site management 80.6

4 Improper scheduling 80.0

5 Improper planning 79.6

6 Poor project management practices 77.6

7 Changes in designs 77.2

8 Changes in specifications 77.0

9 Slowness in approving major changes in scope of work 74.4

10 Slow approval of shop drawings 72.0

11 Consultant team non-productivity 71.8

12 Inaccurate estimated project cost 71.8

13 Inadequate experience of consultant 71.4

14 Incomplete documents 71.2

15 Slow preparation of shop drawings 70.8

16 Shortage in consultant team 64.2

Client-related delay factor

1 Financial difficulties 75.0

2 Changes in design 75.0

3 Slowness in making decisions 74.8

4 Improper scheduling 74.4

5 Failure to provide the required construction site 69.8

6 Slowness in progress payment 69.4

Contractor-related delay factor

1 Financial difficulties 88.2

2 Problem of subcontractor 80.4

3 Shortage of labours 79.8

4 Poor site management 79.4

5 Inadequate experience 78.8

6 Poor coordination with other stakeholder 78.6

7 Poor communication with other stakeholder 78.4

8 Poor project management practices 78.0

9 Delay of delivery materials on site 75.8

10 Labour non-productivity 73.6

11 Construction defective works 73.4

12 Shortage of materials 70.6

13 Construction mistakes 69.0
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5 Conclusions

Basedon the statistical analysis anddata validationvia expert focus group interview, it
is concluded that three factors of delay, namely consultant-related, client-related, and
contractor-related delay factors are the main factors which contribute to government
physical projects delays in Malaysia. It is also agreed that the consultant and client
are ranked first and second, respectively, in the delay factor table as they are involved
in all three phases of the project cycle, which are planning, implementation, and post-
implementation,whereas the contractor, on the other hand, comes in laterwhich starts
from the implementation phase. These delay factors can be used as the guidelines
in coming up with the improvement measures or specific strategies towards on-time
government physical projects delivery.
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Improving Thermal Comfort Through
Natural Ventilation and Passive Solar
Systems in Residential Buildings in Iraq:
Review Paper

Mustafa Abdulmunem Saleh Al Mohsen, Sumarni Ismail
and Ida Suriana Ismail

Abstract The building enterprise in Iraq performs the greatest instance of energy,
especially in residential section. Indeed, most of the residential constructions rely on
traditional construction systems. In the past, the traditional system used to supply
thermal comfort for residents during summer and winter seasons. However, due to
the fact of the growing impact of global warming and technological advancement,
this constructional system is no longer viable. Therefore, realizing energy efficiency,
specifically in Iraq, is very vital due to non-stop electricity crisis since the 1990s.
Hence, this review paper is an attempt to show several strategies to achieve thermal
comfort in residential buildings in Iraq through natural ventilation and passive solar
systems for both cooling and heating periods, which at the end can help to achieve
some kind of sustainability in residential buildings in Iraq, specifically, hot climates
in general.

Keywords Natural ventilation · Energy efficiency · Sustainability · Hot dry
climates · Thermal comfort

1 Introduction

Iraq is characterized by very high temperatures in the summer andmoderate inwinter.
The highest values in June, July, and August are between 43 and 50 °C and in January
between 1 and 8 °C [1]. Winds and water cause natural hazards such as dust storms.
There are two types of winds and dust storms in Iraq. From June to September, the
country is affected by dry air masses from theMediterranean [2]. This leads people to
use air-conditioners excessively during the summer to bring suitable thermal comfort
environment inside their desired space. Besides, there is a shortage in electricity in
Iraq [3], which causes the power to get shutdowns as a result of power consumptions
especially by air-conditioners. Hence, roof is one of the most important elements of a
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building. Roof, walls, and ventilation are the most important parameters in a building
that contribute to heating load in old and non-insulated buildings [4]. Therefore, if
we control thermal gaining through ceilings, we can provide thermally comfortable
indoor climate, reduce air-conditioner usage and power consumption, reduce cooling
demands, and improve current houses’ energy efficiency to achieve sustainable status.
Thus, this study is a review on improving thermal comfort through ventilation and
passive solar systems inside residential buildings by considering Iraq as a part of hot
and dry climatic zone.

2 Thermal Comfort Problems in Hot and Dry Climates

The fundamental purpose of a building is to shield the residents from the outside
circumstances, such as heat in summer, cold in winter as well as wind and rain.
Hence, an applicable indoor climate should be designed for buildings. An interna-
tional issue on source of power and environmental problems is prompted to reflect
on consideration of many factors for the design of buildings. According to a large
number of research works, in order to indicate the climate and its suitability for the
building design and building materials, designers and/or architects have to be aware
of the characteristics of the local weather in their working environment. Further-
more, based on the related climatic elements, they will be capable of categorizing
the construction problems and observe or endorse their solutions to keep away from
them.

In order to design a building with thermal comfort and suitable indoor climate in
hot climates, primarily, the common construction problems have to be recognized.
The following elements are commonly referenced in many studies:

• High temperature
• High solar radiation
• Moisture or high RH level
• Excessive heat gain in summer
• Heat loss during winter.

Therefore, to acquire the stated goal, architects as construction designers, have to
take a look at some of the factors in the design stage, namely construction layout,
orientation, and envelope details (shape, insulation, solar control) to manage overall
thermal performance and sustainability of buildings [5–13].

3 Construction Issues in Overheated Periods

In summer, in regions with hot climates, construction must be designed in such a
way to decrease the amount of heat gain. To reflect on consideration on this issue,
distinctive aspects of the construction should be analysed by considering two impor-
tant factors: solar control and thermal insulation. For instance, for the purpose of
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controlling the solar radiation, considering a suitable construction layout, orienta-
tion, and shape will be really useful and will make it possible to take advantage
of strategies such as shading, envelope reflective texture, and transparent envelope.
In the meantime, making use of thermal insulation will grant a kind of barrier to
isolate the indoors from outdoors, and consequently, it can manipulate the consump-
tion of energy and cost. As mentioned above, solar management is one of the major
techniques in construction design in hot and dry climates. In order to have a success-
ful manipulation on solar radiation, the following parameters have to be taken into
account precisely [8–10]:

• Building layout, form, and orientation
• Building envelope
• Opaque envelope (including walls and roofs)
• Transparent envelope (including walls and roofs).

4 Passive Solar Systems

Different techniques of designing and constructing a passive system can be classified
into two groups with two essential strategies: managed heat gain strategy or passive
heat gain, and passive cooling method. Each of these techniques can be divided
into four simple systems: direct gain, thermal storage wall, attached sunspace, and
convective loop (Fig. 1).

Fig. 1 Five elements of passive solar system (SourceURL evereco.org/sustainable_building.html)

http://evereco.org/sustainable_building.html


210 M. A. S. Al Mohsen et al.

Each one of these fundamental passive systems consists of five collectively
dependent fundamental components: collector, absorber, storage, distributor, and
manipulator [8]. Here, each strategy and its associated subsystems will be described.

4.1 Passive Heating Systems

As noted above, we have four distinct passive methods. In this part, each method
will be reviewed to evaluate its functionality in heating seasons briefly.

In direct gain systems, in cold season, sunlight radiates into construction through
the collector, which is pointed towards south and typically made of glass. This solar
radiationwill be transformed into heat via elements, which have absorbed it. The heat
is then either used towarm the region or stored to be used later. Normally, it is difficult
to provide direct solar radiation over the whole surface area. So reflecting sunlight
from light-coloured surfaces to the dark surfaces will be an acceptable solution [8].

4.1.1 Convective Loop Systems

In this system, sun rays will be transferred via the collector of the convective loop of
the thermo-siphon air panel (TAP) and strike the absorber surface. The absorber has a
metallic surface with back colour, which converts solar radiation to heat. It should be
located in two subsystems, which are vertical and U-tube panels. In vertical panel, in
order to avoid warm room air from being drawn back into the panel, simple backdraft
dampers are generally supplied at the vents. But, in U-tube panels, shut proximity
of the inlet and outlet vents will furnish a benefit for this system in comparison to
vertical panels (Fig. 2) [8].

4.1.2 Attached Sunspace System

In this system, sun rays pass through the collector, which is directed towards the south
and then, they are absorbed by elements and is transformed to heat. This procedure
is the same for all its subsystems such as open wall, direct gain, air exchange, and
thermal storagewall subsystems. For instance, in openwall and direct gain subsystem
because of no opening, there is a direct and free transfer of warm air between two
spaces. In order to avoid immoderate loss of heat, it is recommended that high-
performance glazing be used, or in direct achieve systems, the use of transportable
insulation which is positioned at the shared wall will limit the extra heat losses from
building (Fig. 2) [8].
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Fig. 2 Main types of passive solar heating systems [19]
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4.1.3 Thermal Storage Wall System

In summer, solar radiation comes in via the collector, hits the storage wall, andmakes
it warm. In the state of unvented thermal storage wall, the generated heat is saved
and slowly transferred to the interior. Because of the tendency of hot air to go up
and cold air to come down, in the vented wall system, a natural ventilation system
will supply hot air to the building. Although using vents will provide light and some
direct heat gain to the building during the day, however, they will also decrease the
efficient zone of the storage wall (Fig. 2) [8].

4.2 Passive Cooling (Ventilation) Systems

As noted at the start of this chapter, the fundamental feature of the construction is the
supply of barrier from outdoor temperature circumstances to evade thermal comfort
problems. One of the factors which commonly create thermal comfort problems is
relative humidity stage and moisture content of the construction envelope. Since in
hot and humid climate normally there is an extra quantity of steam in the air, therefore,
in cold season, this quantity of steamwill be absorbed through construction envelope
and at some point in hot season, it will be launched again to the air from construction
envelope. Thus, extra quantity of moisture content in construction envelope could
be an enough resource for distinct kinds of issues in the case of thermal comfort
or structural defects. These sorts of defects could be listed as condensation, struc-
tural warmth loss, and moisture motion through affecting sturdiness of construction
materials, which will be mentioned later [14–19].

On the other hand, immoderate quantity of steam in the air will dramatically
impact the thermal comfort stage in buildings. Since the pressure of the moisture
in the air relies solely on the humidity or moisture content, therefore, the steam
pressure of the extra humid air inside a hot building will be greater than the steam
pressure of even saturated outdoor cool air. Increasing the level of humidity could
extend sweating and make life difficult. Therefore, ventilation turns into an essential
function to avoid immoderate humidity. In this case, it should be provided to allow
moisture in the warm internal air diffuse to the exterior through the influence of the
difference in vapour pressure. There are various approaches to supply air ventilation.
Using of passive or energetic systems should grant them. In summer, via stratifying
some controls to passive techniques, an advantage of natural ventilation and passive
cooling systems could be delivered to the building. Those controls can be described
as follows.

4.2.1 Attached Sunspace System

In hot periods, this system can simply be overheated. Thus, the collector should
be properly shaded to benefit from transportable insulation. In addition, sun space
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should be vented properly. It is extremely suggested to set low vents in the shades on
the windward side of the system, and top vents on the leeward side. In addition, the
storage mass in this system can also assist to cool construction if precisely designed
and controlled (Fig. 2) [8].

4.2.2 Convective Loop Systems

Since convective loop systems are only intended for warming, they will be inactive
throughout the hot season (Fig. 2) [8].

4.2.3 Thermal Storage Wall System

In summer, collector has to beproperly shaded and resized to prevent immoderate heat
gain. In case of wall vents, vents are positioned on the exterior side of the collector
element in shape of opaque panels. Moreover, transportable insulation should be
used to shield the collector from outer side and preserve the cool temperature of the
wall as much as possible (Fig. 2) [8].

4.2.4 Direct Gain System

Through the overheated periods, collectors should be properly shaded to keep away
from excessive warmth gain. Shading elements, such as overhangs, should be sized
precisely to increase general overall system performance (Fig. 2) [8].

5 Constructing Issues in Under-Heated Periods

Passive solar systems are based on the precise design of the organization of the
building’s areas and suitable choice of building materials in order to acquire heating
and cooling advantages from the natural free power resources to minimize electrical
energy wastes via air conditioning systems [8].

In areas with hot climates, the use of passive solar systems will add the gain of
solar heat to the building and decrease the power consumption. Because of their sig-
nificance in under-heated periods, they have a dominant function in order to provide
natural ventilation in overheated periods.
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Fig. 3 The ventilation and openings positions in a plan [18]

Table 1 Wind velocity upon openings position [18]

Opening height as a fraction of wall height 1/3

Opening width as a fraction of wall width 1/3 2/3 3/3

Single opening 12–14% 13–17% 16–23%

Two openings in same wall – 22% 23%

Two openings in adjacent walls 37–45% 37–45% 40–51%

Two openings in opposite walls 35–42% 37–51% 47–65%

“Range = wind 45° perpendicular to opening”

6 Improving Ventilation

Ventilation is optimized by providing cross-ventilation through many spaces in the
house as a practical solution. In regular wind conditions, the aspect of effective to
negative pressure is encouraged. Of course, the indoors design of the residence needs
to allow the air to flow through and indoors doors in the ventilation route need to
stay opened [20].

Ventilation effectiveness relies on wind velocity, the angularity at which the wind
strikes the window, and the place and dimension of the window (Fig. 3). A room
with a single opening will have solely 12–23% of the wind velocity. This improves
up to 51% if openings are positioned on adjoining partitions and about 65% of the
outdoor air speed can be reached with openings on contrary walls (Table 1) [20].

7 Conclusions and Recommendations in Planning, Design,
and Construction Materials for Buildings in Hot Dry
Climatic Zones

7.1 Conclusions

In hot and dry climatic zones, it is very important to use the available green energies
such as wind and solar radiation to achieve thermal comfort for residents. Therefore,
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systems such as passive solar systems can provide a suitable solution for Iraq cli-
mate which is well known by the very extremist weather during summer and winter
seasons. In addition, windows dimensions and positions can affect the wind velocity
and the amount of humidity inside the room or the zone, which can lead to improve
climate, temperature, oxygen, CO2, and steam amount inside a room and provide
better ventilation and thermal comfort for residents.

7.2 Recommendations

7.2.1 Architectural Design Recommendations

1. Using the idea of a building with an internal courtyard as a temperature regulator.
Use of water and greenery in private and public yards.

2. Exploitation of flat roof surfaces as open areas (roof garden).
3. Reduce solar radiation, increase shadows, and increase humidity.
4. Use of “shanshul/mashrabiya” as a cooling system for buildings and also

increasing the amount of shadows.
5. Use the idea of the indirect entrance to avoid climatic factors from dusty winds.
6. Avoid directing the buildings to the direction of the wind and directing the

openings towards the north-west and south-west.

7.2.2 Urban Planning Recommendations

1. Use a built-in general layout that reduces the lengths of lanes and solar glare.
2. Use the style of agglomerated buildings and provide interior courtyards.
3. Use of narrow, zigzag pedestrian streets which receive the least amount of solar

radiation.
4. Taking into consideration the natural terrain of the site and using plants and

special trees which bear the climate conditions of hot and dry regions.
5. Pay attention to urban formations by setting heights and scales in hot and dry

deserted areas.

7.2.3 Building Materials Recommendations

1. It is preferable to use materials with high thermal capacity.
2. Using prominent bricks to double the shadows on the facades.
3. Using heat insulation materials on roof tiles and between wall materials.
4. It is preferable to use a double roof to allow continuity of airflow through the

building block.
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