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Comprehensive Review on Recycled )
Aggregate Concrete Using Scientometric oo
Analysis Approach

Anmol Basnett, Anandh Sekar, and S. Sindhu Nachiar

1 Introduction

On a worldwide scale, concrete is the most often used building material [1]. There
are several reasons why it is so popular, including its inexpensive cost and resistance
to heat and water, as well as its versatility [2]. Concrete is used in almost every civil
engineering structure [3, 4]. Concrete is made up of three fundamental ingredients:
aggregates, cement, and water. After water, concrete is the material that is utilised the
most globally, according to estimations. The most important of these components is
aggregate, which makes up around 60—75% of the overall concrete volume [5]. Aside
from this, due to its high demand on natural resources and its growing industrialisation
and urbanisation as the economy and people grow in tandem, concrete has become
the least sustainable building material. Its annual raw material use is estimated at
roughly 20 billion tonnes (aggregates) [6]. The extraction and crushing of natural
aggregate (N-A) also result in significant energy use and increased CO, emission.
As aresult, the rapid depletion of natural resources and an increase in environmental
contamination are caused by the extensive use of concrete. For the modern building
business, the depletion of natural resources and the rise in CDW are serious issues.
Both of these issues could be solved at the same time by recycling CDW for new
construction purposes. As an aggregate supplier, N-A has been replaced by recycled
concrete from the CDW [7, 8]. Demolitions and precast members that have been
abandoned are only two examples of the many causes that contribute to a build-up
of waste concrete [9]. Recycled aggregates (R—As) are a low-cost and ecologically
sustainable solution to reduce the amount of CDW produced during construction.
The construction of the demolished structure, as well as the process used to create the
resources, will determine whether or not the structure is classified as R-A. In contrast,
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Fig. 1 Indexes of total CDW production and CDW recovery, 2017 [20]

R—As are made of a broad range of materials, such as wood and glass blocks, as well
as plastics and waste [10—12]. Replacing N—As in concrete with R—As from CDW
would improve the environmental sustainability of construction.

Given that the volume of CDW generated globally is anticipated to increase
steadily over the coming years, novel methods for CDW recycling and reusing
are necessary. Data on CDW production and recovery/recycling rates for nations
throughout the world can be found in Fig. 1. A non-hazardous CDW reduction target
of atleast 70 per cent of its weight by 2020 was stipulated by the EU Waste Framework
Directive (2008/98/EC) according to the European Union’s final study [13].

From 2000 to 2022, bibliometric data will be analysed in a scientometric study,
since the development of recycled aggregate has been on the rise over this time period.
A scientometric evaluation can examine big data without bringing new obstacles. In
order to connect disparate fields of knowledge, traditional literature evaluations fall
short. The most difficult components of current study are co-occurrence and citation
mapping. Goal of this study is to improve traditional reviews by utilising sciento-
metric analysis to identify and correct faults. It is possible to find the most frequently
referenced authors and articles, as well as areas that are particularly interested in using
R-A concrete for environmentally friendly building using a scientometric study that
looks for these things. Graphic portrayal will help future academics develop scientific
partnerships, create joint venture papers, and exchange new approaches or notions. It
has also been emphasised and researched the most crucial parts of the R-A concrete
field. Recycled aggregate concrete’s practical application and improvement methods
are investigated. We then identify and propose new research avenues for the future
of this investigation.

2 Research Significance

Recent research has gone a long way towards figuring out how to make building
more environmentally friendly, and the results are noteworthy. There have been a
large number of manual review studies completed so far. Scientific visualisation
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and bibliographic co-occurrence are two of the most difficult issues in modern
research. Scientists from around the world can now use the scientometric analysis-
developed mapping of different areas of the literature to build research collaborations,
joint ventures, and exchange new ideas and technology. Research gaps and crucial
concerns in R-A concrete acceptance and application are also highlighted in this
study. New paths for research are also recommended.

3 Methodology

The seven steps of the review study are depicted in Fig. 2, which shows the various
levels of the review process.

/Data collection/

/ Choice of data base /

[ Data storage |—{ CSV fie |

/ Choice of software /

|
/ Data analysis /—-

| Elimination of adhered mortar |
/ Treatment technigques /4[“

Conclusion

Strengthening of adhered mortar |

Fig. 2 Methodology adapted in this article
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4 Data Analysis on Scientometric Analysis

4.1 Keyword Analysis

The review that was undertaken for this work was centered on recycled aggregate
concrete, and an analysis of relevant keywords was carried out. There can be a
maximum of five instances of each term in the phrase. Following these guidelines, a
mapping technique was utilized to capture the co-occurrences of terms as well as their
overall frequency. As a result, 764 out of 6830 of the articles satisfied the criteria.
Recycled aggregate is referred to by many other names in R-A concrete articles,
including concrete aggregates, compressive strength, aggregate, and recycled aggre-
gate concrete. Figure 3 shows how keyword networks are visualised, along with the
links and intensity related with the frequency of co-occurrence correlation. The size
and location of a keyword circle indicate how often the term appears in different arti-
cles. Additional evidence that these keywords are important in R-A concrete research
was provided by a scientific visualisation that displayed larger circles around some
key terms. Various colours of circles reflect different clusters of keywords that appear
together in a variety of articles.
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Table 1 Clusters of nations

Cluster | Country

no

1 Bangladesh, Egypt, Malaysia, the Netherlands, Nigeria, Pakistan, Palestine, Poland,
Saudi Arabia, Thailand

2 Algeria, Argentina, Belgium, Canada, France, Jordan, Kuwait, Lebanon, Qatar

3 South Africa, South Korea, Singapore, Hong Kong, China, and the United Kingdom

4 Brazil, Chile, Colombia, Germany, Italy, Switzerland

5 Czech Republic, Ethiopia, Japan, Taiwan, Vietnam

6 Australia, Iran, Turkey, UAE, USA

7 Iraq, Portugal, Serbia, Spain

4.2 Regions Analysis

In the study, the maximum number of nations per document was limited to 25 and
the lowest to 5. Co-production groups’ overall strength and the country’s total band-
width among the 72 countries are used to determine whether countries fit the require-
ment. National cooperation is depicted as a network of collaboration. As illustrated
in Table 1, there are seven clusters in the region that have conducted comparable
research, with cluster 1 comprising 10 nations, 2-nine, 3-seven, 4-six, 5-five, 6-five,
and 7-four.

5 Treatment Techniques of RCA

Various strategies and methods have been proposed to enhance the features of recy-
cled concrete aggregate (RCA) due to the wide range of impacts that attached mortar
has on RCA quality. There are two broad classes into which these methods and strate-
gies fall. It begins with scraping, sanding, or otherwise removing the mortar that has
stuck to the RCA surface. Second, it entails enhancing the quality of the adhering
mortar to change and enhance RCA’s qualities. Figure 4 depicts a range of methods
that can be employed to enhance the quality of RCA.

5.1 Eliminating the Adhered Mortar

The widespread presence of poorly adhering mortar is blamed for diminishing RCA’s
overall quality. Low density, excessive water absorption, and porosity are all char-
acteristics that suffer as a result of the linked weak mortar. Using heat, mechanical
abrasion, or chemicals, the poorly adhering mortar can be scraped from the RCA
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Mechanical treatment

Elimination of

Thy 1 treatment
adhered mortar ermal treatmen

Chemical treatment

Treatment techniques Polymer Treatment

Calcium Carbonate Bio deposition treatment

Strengthening of

Incorporating pozzolanic materials
adhered mortar P P

Carbonation technique

Sodium silicate solution

Fig. 4 Treatment methods of recycled coarse aggregate

surface. In the following paragraphs, we will go through each of these therapies in
further depth.

Mechanical Treatment. High-quality RCA can be produced by mechanical treat-
ment, which involves removing attached mortar from the N-A. Here, the mortar
adhesions are broken apart and scraped away by mechanical means [14]. Mechan-
ical grinding and the eccentric-shaft rotor technique have both been offered for this
operation. The RCA lumps are transferred between two cylinders, one of which
rotates at a high eccentricity compared to the other, using a process called eccentric-
shaft rotor. This process may be used to clean RCA of any mortar that has stuck to
it. However, the method has the potential to damage the RCA particles, resulting to
micro-cracks, due to impact and grinding activities that alter the geometric features
of RCA particles [15].

Thermal Treatment Technique. Treatment options for eliminating the linked weak
adhering mortar are limited; however, heat treatment is often favoured due to its
simplicity of operation and low cost. This method involves subjecting RCA particles
to high temperatures for around 2 h. Differential thermal expansion between the
original aggregate and the attached mortar produces thermal stresses that weaken the
adhering mortar and allow it to pull away from the surface. Shima et al. [16] found that
when RCA is heated over 300 degrees Celsius, the aggregate-mortar interface dries
out, which makes the connection brittle and easy to break. After treatment, just 2%
of the cement paste remained attached to the natural aggregate particles. The results
were consistent with those of Ma et al. [17]. The aggregates in C&D waste concrete
were separated from the mortar by heating the concrete at 750 degrees Celsius. The
findings revealed that the removal of mortar becomes easier with increasing heating.
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5.2  Quality Improving the Adhered Mortar

These techniques reinforce the current mortar on the original aggregate rather than
first removing the weak mortar and then recycling the original aggregate. Two of
the best ways to boost quality are to reinforce ITZs by filling in and solidifying the
weak spots. Carbonation is only one of several methods that may be used to improve
the binding that exists among the RCA and the new mortar. Additional examples
include pozzolanic reaction, pozzolanic treatment, and the inclusion of pozzolanic
compounds as surface coating binders.

Polymer Treatment. The hydration products of connected mortar can chemically
react with some polymers, increasing the concrete’s strength, while other polymers
can create a coating over the concrete, shielding it from the environment [18]. The
resulting calcium complexes can effectively seal the RCA surface by filling up the
cracks and crevices of the adhering mortar. In other words, lowering water absorption
and porosity might improve durability performance. Both water-repellent polymers
based on silicon and water-soluble polymers, such as polyvinyl alcohol (PVA), have
been used to enhance RCA’s properties. Water-soluble polymers have advantages
including their adhesive properties and their speed of solidification. Soaking RCA in
a water-soluble polymer allows the polymer molecules to penetrate the porous, poorly
adhering cement and strengthen the connection. Water absorption in RCA, a porous
material, might be decreased by using PVA solution, a water-soluble polymer [19].
Kou and Poon [20] tested the mechanical and physical characteristics of PVA-treated
RCA with concentrations of 6, 8, 10, and 12%. Water absorption by PVA-treated RCA
was shown to diminish with increasing PVA content; a 10% PVA solution was found
to be optimal for impregnating RCA.

Calcium Carbonate Biodeposition. Biodeposition of calcium carbonate is another
method under development for bettering the quality of RCA, especially with regard
to lowering water absorption in the adhering mortar. This method employs bacteria,
and it is predicated on the negative zeta potential of the cell wall surface to expedite
calcium carbonate production at the aggregate’s outermost layer [21]. Furthermore,
the biodeposition process is a more organic approach than previous theories. All
of the materials required for seeding the substrates exist naturally; thus, there is
less of an impact on the environment when using this technique. Grabiec et al. [22]
proposed use of Sporosarcina pasteurii bacteria grown in a liquid media produced by
hydrolysing urea to treat RCA. Additionally, the precipitated CaCO; showed strong
binding in the aggregate surface by filling holes and gaps in the adhering mortar.

Incorporating Pozzolanic Materials. To better enhance the qualities of adhering
mortar, pozzolanic ingredients like fly ash or silica fume are used. When RCA is
immersed in pozzolanic material slush or treated with pozzolanic materials (surface
coating), a hydrated calcium silicate (C—S—H) gel is generated. This is because
the pozzolanic materials come in contact with the calcium hydroxide (CH) left in
the adhering mortar. By changing the surface of the RCA and the characteristics
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of the connected mortar, these hydrated compounds may improve RCA’s bonding
capabilities [23].

Carbonation Technique. Carbonation occurs when carbon dioxide CO; penetrates
adhering mortar and reacts with the resulting hydration products [24]. When CO,
combines with calcium hydroxide in the adhering mortar, a thick layer develops
around the reacted calcium hydroxide crystals and fills the pores and spaces of
the cement paste, initiating the carbonation of calcium hydroxide [25]. At a CO,
concentration of 50%, the results showed that RCA was capable of absorbing as
much as 65% of the gas, with the absorption rate increasing when the particle size
of the RCA was smaller than 2 mm and the water saturation was less than 0.4
[26, 27]. Studied the carbonation treatment of RCA by subjecting to a carbonation
chamber with different durations of 6, 12, 24, 48, and 72 hours under low-pressure
circumstances, specifically 0.1 Bar above atmospheric pressure. This experimental
setup aimed to examine the impact of carbonation treatment on the properties of
RCA. Physical and mechanical characteristics of treated RCA were shown to be
enhanced by carbonation treatment regardless of curing time or particle size.

Sodium Silicate Solution. Cheng et al. [28] Immersed RCA in sodium silicate solu-
tions with concentrations of 0.05 M, 0.1 M, 0.2 M, 0.3 M, and 0.4 M for durations
of 1 hour, 5 hours, and 24 hours. The results revealed that the water absorption of
RCA was drastically reduced by using sodium silicate. This is because the pores and
spaces of RCA are filled by the silicic acid gel precipitated from the sodium sili-
cate solution. In addition, the C—S—H gel created by the sodium silicate and calcium
hydroxide reaction strengthened the binding between the mortar and RCA.

6 Conclusion

This study’s goal was to provide an overview of the state of the art for recycled
aggregate concrete (RAC) by using a large-scale data mining method of scientometric
analysis of the literature and by presenting an in-depth discussion of the findings.
Based on bibliometric data taken from the Scopus database from 2001 to 2021, we
conducted a scientometric analysis of R-A concrete articles. Scientists investigated
the most popular terms and locations for publishing as part of their scientometric
investigation. Furthermore, important issues in this field of research were highlighted
and discussed. In this study, we found the following results:

e Recycling, concrete aggregates, concretes, aggregates, compressive strength, and
recycled aggregate concrete were the most often used keywords in the field of
study, according to a scientometric examination of the enormous bibliographic
data. Additionally, it was discovered that the top nations that publish a big number
of journals are China, the USA, Australia, Spain, and Portugal.
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To totally recover demolition debris, employ reclaimed mortar in a variety of
ways, and improve the structural performance of recycled concrete aggregates.
Considering the time and money invested in treatment, decisions about which
treatments to employ should be based on these criteria.

Fibre, mineral materials, and other components are now used as admixtures, but
they are expensive, scarce, and harmful to the environment. The future of research
will focus on developing cost-effective admixtures, which is a crucial step towards
engineering applications of RAC in the real world.

Most therapeutic studies have only been conducted on a tiny scale in labs. More
investigation into the efficacy and feasibility of these therapies on an industrial
and commercial scale may be warranted in the light of the findings of this study.
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of Bio-Cement on Ultrasonic Pulse L
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K. Chandramouli, R. Santhi Kala, and N. Pannirselvam

1 Introduction

Concrete is frequently employed for infrastructure construction. Concrete has a
very high load-bearing capability when it is compressed. Nevertheless, this same
substance weakens when put under tension. Steel bars are therefore included into the
concrete to allow the structures to withstand tensile loads. When the concrete frac-
tures under tension, the steel reinforced bars help to disperse the stress, preventing
structural damage [1-4]. As matrix cracking begins to occur at higher stress levels,
elasticity decreases and stability is compromised [5]. Concrete is a high-maintenance
material that can quickly deteriorate due to wear and tear. It typically cracks and
shows signs of wear after only a few decades in service.

In order to reconstruct concrete structures, a cement mortar must typically be
applied and adhered to the damaged surface. Sometimes, in order to prevent it from
moving, this mortar needs to be fixed into position with steel rods. Due to the struc-
ture’s difficulties in being accessed and the possibility that repairs will need to be
conducted on upper levels or at considerable heights, repairs can be time-consuming
and expensive [6]. Concrete cracks and fissures can now be automatically repaired
using a novel process called microbiologically induced calcite or calcium carbonate
precipitation (MICP) [7-13]. As certain bacteria produce secret calcite precipitations,
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doing this will help the structure last longer. These fissures can be fixed naturally by
adding specific bacteria species into concrete [14]. These bacteria have the potential
to secrete calcite precipitations, which will eventually seal the fissures and boost
structural stability.

A non-destructive test method using ultrasonic pulse velocity. Cube specimens
were cast, cured, and tested at 7, 28, 56, and 90 days [14-21].

2 Experimental Program

The experiment was conducted over a 28-day period to examine the various facets
of how microbiological concrete develops its strength [22-26]. Following is a list of
the materials used and variable parameters examined:

2.1 Materials

2.1.1 Bacteria

It is the blend of bacteria (Bacillus pasteurii) along with nutrients such as calcium
and urea. Each gram contains 5% B. pasteurii and 95% urea and calcium lactate.
After the reaction, it will auto-fill the pore spaces present in concrete through the
process of microbiologically induced calcite precipitation (MICP) [27-30].

Cement: Ordinary Portland Cement (OPC), which is sold in the locality, was
employed as the binding substance. The normal consistency of cement is 30% with
initial and final settings of 53 and 245 min, respectively. Soundness determined as
4.5 mm and specific gravity of 3.15. The cement mortar was casted, cured, and tested
at 7 and 28 days and obtained 35 and 55 MPa.

Aggregate: Locally available fine aggregate, naturally occurring passing through
4.75 mm sieve was used. The 12.5 mm nominal size crushed stone is used as the
coarse aggregate. Table 1 lists the attributes of the aggregate.

;‘f(:)pl:rtlie?ggregate physical Properties Fine aggregate | Coarse aggregate
Specific gravity 2.56 2.58
Unit weight (kg/m?) 1585 1565
Fineness modulus 2.56 6.67
Absorption capacity (%) | 1.40 0.5
Moisture content (%) 1.11 0.55
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Water: A sample of water that met IS 456-2000 specifications and had a pH of 7,
and no turbidity was taken.

2.2 Variables

e Concrete quality: Concrete was used, namely M40 and M60 grades of bio-
concrete, which include 1% bio-cement. For the purpose of comparing the
qualities of bio-concrete to conventional concrete, it was cast.

e Exposure period: Following the stipulated cure period of 7, 28, 56, and 90 days
in plain water, specimens were analyzed on a regular basis.

e Cube specimens: Specimen of size 100 mm x 100 mm x 100 mm was used in
accordance with ASTM standard procedure.

e Environment for curing: In the lab, 48 cube-shaped concrete specimens were cast.
After casting, specimens were stored at 27 °C and 90% relative humidity for 24 h
before being cured in water at room temperature.

e Concrete quality: Concrete was used, namely M40 and Mix proportion: The char-
acteristics of the material were used to design concrete. Cement, fine aggregate,
and coarse aggregate proportions for an M40 concrete mix design were determined
to be 1: 1.47: 2.84 with w/c of 0.35 by mass. The mix ratio for M60 concrete was
1: 1.06: 2.19, and the water—cement ratio was 0.28 [31, 32].

3 Results and Discussion

3.1 Compressive Strength

Compressive strength is a critical mechanical property used to assess the perfor-
mance of concrete. Compressive strength is typically determined through standard-
ized testing procedures which involve subjecting a material specimen to an applied
load or force until it fails. The compressive strength of conventional and bio-concrete
for M40 and M60 grades is shown in Table 2.

Table 2 Compressive strength values for with and without bio-cement

Grade of concrete % of bio-cement (%) Curing period in days
7 28 56 90
M40 0 32.88 49.29 53.83 56.69
1 36.84 56.48 61.81 65.16
M60 0 44.21 69.67 76.13 81.17
1 49.7 76.15 82.62 86.61
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Table 3 UPV values for conventional and bio-concrete

Grade of concrete % of bio-cement | Curing period in days
7 28 56 90
M40 0% 4895 4912 4934 4978
1% 5014 5032 5067 50901
Concrete quality Excellent | Excellent |Excellent | Excellent
M60 0% 4943 4965 4986 5019
1% 5003 5112 5124 5149
Concrete quality | Excellent | Excellent | Excellent | Excellent

3.2 Ultrasonic Pulse Velocity Test

Ultrasonic pulse velocity (UPV) is a non-destructive testing (NDT) to measure the
speed of ultrasonic waves through a material. It is commonly used to assess the quality
and integrity of concrete and other construction materials, as well as to estimate their
mechanical properties. In a UPV test, a pair of transducers, typically piezoelectric
transducers, are used to generate and receive ultrasonic pulses in a material. One
transducer acts as a transmitter, which emits a high-frequency ultrasonic pulse, and
the other transducer acts as a receiver, which detects the pulse after it has traveled
through the material. The pulse velocity is calculated by dividing the distance between
the transducers by the time it takes for the UP to travel through the material [32].
The UPV determined for M40 and M60 grades of conventional and bio-concrete and
results are tabulated in Table 3.

3.3 Empirical Relation Between Compressive Strength
and Ultrasonic Pulse Velocity

Empirical relations formed between compressive strength and UPV for M40 and M60
grades of concrete for values at curing periods of 7, 28, 56, and 90 days (Figs. 1, 2,
3 and 4).

Empirical relation from Figs. 1, 2, 3 and 4.

Conventional concrete for M40 grade: ¥ = 244.68 x — 1158, R2 = (0.6819.
Bio-concrete for M40 grade: Y = 323.25 x — 1577.6, R2 = 0.7781.
Conventional concrete for M60 grade: ¥ = 451.48 x — 2178.3, R2 = 0.7906.
Bio-concrete for M60 grade: ¥ = 256.52 x — 1233.7, R2 = 0.9926.



Performance of Concrete by the Addition of Bio-Cement on Ultrasonic ... 17

= 70
= 60 =244.68x 1158
= 7 56.69
2 50 REF§ap19 -
=
E 0 ;ﬂ
£ 732,88
2 S 30
% 20
5 10
E o
© 4.88 49 492 494 496 498 5
Ultrasonic Pulse Velocity in Km/Sec

Fig.1 Empirical relation between compressive strength and UPV for conventional concrete of
M40 grade

= 80
s 0 y=323.25x- 15776 eshe
en 60 P2 od 31 !
= Righarst—
v < —
v & 40 “36.84
Z = 30
wn
E 20
E 10
&} 0
5 5.02 5.04 5.06 5.08 5.1
Ultrasonic Pulse Velocity in Km/Sec

Fig. 2 Empirical relation between compressive strength and UPV for bio-concrete of M40 grade

= 100

E 90 =451.18x-21783

= 80 R2=10.7906 81.17

= 70 4

= 7 U

B 60 s

2 50 7

2 40 44.21

g 30

2 20

e

£ 10

E o

o 4.92 4.94 4.96 4.98 5 5.02 5.04
Ultrasonic Pulse Velocity in Km/Sec

Fig. 3 Empirical relation between compressive strength and UPV for conventional concrete of
M60 grade



K. Chandramouli et al.

100

20 y=1256.52x - 1233.7

80 RZ=0.9926
70

60
50
40
30
20
10

Compressive strength in MPa

4.95 5 5.05 5.1 5.15 5.2
Ultrasonic Pulse Velocity in Km/Sec
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4 Conclusion

®

(i)
(iii)

(iv)

)

(vi)

Because of its eco-friendliness, self-healing powers, and increased durability of
structural real as creating materials, bacterial real tech has already been shown
to be superior to numerous conventional technologies.

This method of cementing has proven straightforward and practical. However,
additional effort is required to increase the viability of this technology.

The pulse velocity value in mt/s was excellent, and its value decreases with
age and grade of concrete as the concrete becomes dense and also decreases
for bio-concrete when compared to conventional concrete.

The percentage decrease in UPV value ranges from 0.51 to 2.65% and decreases
for bio-concrete when compared to conventional concrete, which classifies it
as excellent concrete in terms of strength and durability of concrete.

An empirical relation between “compressive strength and UPV” is proposed for
conventional concrete and bio-concrete, and it is in the form of fck = 244.68Vd
— 1158, R2 = 0.6819, fck = 323.25Vd — 1577.6, R2 = 0.7781 for M40 grade
of concrete.

An empirical relation between “compressive strength and UPV” is proposed for
conventional concrete and bio-concrete, and it is in the form of fck =451.48Vd
—2178.3,R2 =0.7906, fck = 256.52Vd — 1233.7, R2 = 0.9926 for M60 grade
of concrete.
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1 Introduction

The tall buildings are different from common buildings in terms of resistance to
lateral load due to wind, earthquake, etc. in addition to vertical loads. This results in
demand for providing both lateral strength and stiffness to the building to meet the
strength and serviceability criteria under lateral loads. Normally, a tall building is
provided with a horizontal load-resisting system apart from a vertical load-resisting
system. A lateral load-resisting system is required to safeguard the tall building under
lateral loads. Horizontal loads on buildings increase with the increase in height of
buildings. Depending on the type of building, different structural systems are used
to resist lateral loads. The shear wall is the one which is most frequently utilized in
structures. By providing the necessary lateral strength and stiffness to resist horizontal
stresses, the shear walls in a building are a structurally effective method to strengthen
the construction [1]. It is common practice for shear walls to begin from the basement
and continue up the entire height of the structure, and they can be located along
the building’s sides or clustered together to form a core. Shear walls may need
to incorporate one or more openings due to the need to accommodate a variety of
functional requirements. It is crucial to have shear walls, but their size and placement
matter a great deal. A plan’s symmetry is crucial for minimizing twisting effects in
structures. Shear walls in buildings that have been carefully planned and detailed
have proven to be effective in reducing damage during previous earthquakes. Many
countries, like New Zealand and the USA, are prone to earthquakes; thus, buildings
are provided with shear walls to reduce the earthquake damage to both permanent
and temporary parts of a building. In addition, the historical strong earthquakes
that have been recorded all over the world have demonstrated that several elements,
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including plan shape, wall and opening dimensions, reinforcing and openings layout,
site condition, earthquake type, and strain rates, all have a role in determining the
extent of damages and the specific failure mechanisms of shear walls. For practical
purposes, doors, windows, skylights, and other openings in shear walls are possible.
Understanding the seismic responses and behaviour of structural systems is essential
for making an appropriate configuration of openings in shear walls, as it is knowledge
of the effects of openings sizes and configurations on stiffness.

Based on the literature review, it is observed that many research works focused
on shear walls with different types of openings and sizes. Past observations on the
response of a shear wall with an opening to seismic forces were identified using
finite element simulation ETABS software [2]. When the opening area is less than
20% of the shear wall area, the stiffness is determined by the size of the opening
rather than its location. Openings in shear walls that are greater than 20% have a
significant impact on the stiffness of the system [3]. When compared to a vertical
opening, the staggered one performed better. Compared to uniform openings, stag-
gered ones experience less shear at the foundation [4]. Staggered openings are better
as compared in reducing displacement, drift, and shear in irregularly shaped build-
ings (H-shaped and T-shaped). Displacement in the Y-axis was satisfactory in an
irregular L-shaped building with vertical openings [5]. As much as 50% of the shear
wall’s stiffness, the ultimate load could be lost due to openings, though the strength
and ductility of the reduction would vary depending on the type and shape of open-
ings [6]. The present study makes an attempt to study the effect of openings on the
behaviour of shear wall system and response reduction factor (R) is determined. Code
recommendations for various types of structural systems vary in how they define the
reducing factor for responses (R). The factor of ductility, the strength factor, and the
structural redundancy all play a role in determining the value of R. Using the finite
element analysis ETABS software, nonlinear static pushover analysis is performed
on the analytical models. The response reduction factor (R factor) is computed based
on the nonlinear static pushover analysis findings.

2 Analytical Investigation Using ETABS

For the present study, a three-dimensional structure is modelled in ETABS. The
analysis of three different building heights: 56, 72, and 88 m is carried out. In the
post-analysis of the building, parameters like maximum storey displacement, the
building’s response to seismic forces, and storey drift are determined. Linear static
analysis is used to estimate the equivalent static forces utilized to calculate inter-
storey drift and the serviceability criterion. This study examines the seismic response
of the RC building frame in terms of performance and the impact of seismic forces
on multi-storey building frames. The study involves the design of a building’s frame-
work according to Indian standards (specifically, IS 456:2000 and IS 1893:2000).
The seismic parameters considered are zone IV, medium soil condition, response
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reduction factor = 5, and importance factor = 1. The members are designed as per
the limit state method of design by the code IS 456 [7] and IS 1893 [8].

2.1 Frame Model

Dimension of the bay is 15 m, and the height of the building is as follows: “H1” series
is 56 m height with a 14 storey, the “H?2” series is 72 m height with an 18-storey,
and the “H3” series is 88 m height with a 22 storey. Different height of the building
is considered to study the effect of storey height on response of the building with
shear wall system. Figure 1 shows the layout of different shear wall positions, and
the plan shape of shear wall is varied to study its effect on behaviour of building
under seismic load.

b) Model — B — 7 shaped shear walls

¢) Model — C — Shear wall at centre of outer ~ d) Model — D — Shear wall at outer edges of
wall outer wall

Fig.1 Layout of different shear wall positions
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2.2 Effects of Storey Height and Shear Wall Position

Several studies have been implemented to reduce the complexity of the precise
seismic analysis of the building, which is necessary for the building design for seismic
activity to be done in a refined and easy manner. Especially, in this study, four models
(A, B, C, D) with different heights of structures are designed. Table 1 shows the size
of the structural elements considered for the present study. The analysis output of
the 56 m height of the building (H'1), 72 m height of the building (H2), and 88 m
height of buildings (H3) is shown in Figs. 2 and 3.

As per the analytical results, the storey displacement and storey drift are well
within the allowable range of H (Height of building)/250 and 0.004 as per IS code
in all the systems, as specified by IS 1893 [8]. Edge-provided shear walls increase
the maximum storey displacement of buildings relative to centre-provided shear
walls. Providing more shear walls is not a guarantee for better seismic behaviour
of buildings, as their effectiveness is not dependent on the number of shear walls
[4]. Forces acting on the structural element are significantly affected by shear walls.
From the analytical investigation, it is clear that Model C with 72 m height of the
building performs well under seismic load compared to other configurations of shear
wall. This can be attributed to the fact that symmetry of the shear wall orientation
plays a vital role in deciding the behaviour of building under seismic load. Model A
is also symmetrically placed but the provision of shear wall at the centre of the outer
wall results in lesser displacement and drift.

Table 1 Size of structural S. No. Elements Cross-section (mm)
elements

1 Primary beam 450 x 600

2 Secondary beam 250 x 300

3 Column 1000 x 1000

4 Thickness of slab 250

5 Thickness of shear wall 230

450
400
350

300
250 B Model A

200 ® Model B
100 Model C
I . I ® Model D

56 72 88

Height of the building(m)

Displacement(mm)
v
=]

W
(=R

Fig. 2 Effect of different shear wall positions on lateral displacement for H1, H2, and H3
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0.007
0.006
0.005
0.004

0.003 ® Model B

0.002 Model C

0.001 I I I I = Model D
0 56 72 88

Height of the building (m)

H Model A

Drift

Fig. 3 Effect of different shear wall positions on drift for H1, H2, and H3

2.3 Effect of Openings in Shear Wall

5, 10, and 15% openings in the shear wall are considered for 56, 72, and 88 m heights
of the building with the varying size of opening (R1, S1, R2 and S2). Table 2 shows
the size of opening considered for the present study. The model’s name R is indicated
for buildings with rectangular openings, and S is indicated for buildings with square
openings.

Table 3 shows the outcomes of the results by comparing the analytical output for
15% of opening, and it is observed that the vertical and staggered openings produce
nearly identical values. The trend in increase of lateral displacement and lateral drift
for sheal wall with 5 and 10% of opening remains similar to shear wall with 15%
of opening. When compared to walls with vertical openings, the performance and
rigidity of walls with staggered openings are significantly higher.

According to Table 3, displacement in the building model with different shapes
of openings at different heights of the building is greater in vertical openings than
in staggered openings because staggered openings appear to make the shear wall
more rigid and ductile, while vertical openings make the shear wall more brittle.
The displacement in the square opening is less than a rectangle opening for the 56
and 88 m heights of the building. Analysis shows that staggered openings of both
rectangle and square shapes in shear walls perform well against seismic loads.

Storey drift refers to the movement of one storey in relation to another. The
maximum drift value follows the same pattern as the lateral displacement, and the

considered for e presen S No. Model no. | Size of opening (m)
study 1 R1 125 x 2

2 S1 1.35 x 1.35

3 R2 15 %2

4 $2 2x2
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Table 3 Displacement and drift of vertical and staggered openings for varying sizes (15% of
opening) at different heights of the building

Height of | Model | Lateral displacement | Lateral drift % of reduction

the (mm)

I(Jrl:)lding Vertical | Staggered | Vertical | Staggered | Displacement | Drift

56 R1 61.81 59.33 0.0011 0.00106 4.01 3.64
R2 66.75 64.28 0.00119 |0.00115 3.70 3.36
S1 57.36 534 0.00102 | 0.00095 6.90 6.86
S2 61.81 60.82 0.0011 0.00109 1.60 0.91

72 R1 119.61 110.04 0.00166 |0.00153 8.00 7.83
R2 127.86 | 115.07 0.00178 |0.0016 10.00 10.11
S1 126.21 112.32 0.00225 |0.00201 11.01 10.67
S2 138.58 | 123.34 0.00247 |0.0022 11.00 10.93

88 R1 22791 |205.12 0.00259 |0.00233 10.00 10.04
R2 243.69 | 229.06 0.00277 |0.0026 6.00 6.14
S1 219.14 | 214.76 0.00391 |0.00383 2.00 2.05
S2 238.43 | 214.58 0.00426 |0.00383 10.00 10.09

values for buildings with staggered openings are smaller compared to buildings with
vertical openings.

3 Response Reduction Factor

The amount of energy lost due to inelastic deformation during a seismic excitation
is measured by a factor known as the R factor. In this investigation, the R factor is
evaluated in terms of ductility and over-strength factor. The R factor is calculated by
selecting the lowest value of vertical and staggered openings from Table 3. Response
reduction factor is determined using Eq. (1) as follows:

Response reduction factor(R) = R, x R,. (D)

The over-strength factor (Ry) is calculated by comparing the actual ultimate lateral
load to the lateral load calculated from IS: 1893 [8] as given in Eq. (2):

Ry =V,/ Vi, 2

where

V, actual base shear coefficient at the performance point of the structure and the
value is determined by pushover analysis.
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V, total base shear calculated as per current standard code IS 1893:
Ve =W x Ay, 3)

where

W  seismic weight of the structure,
Ap,  design horizontal acceleration coefficient.

The ductility factor (R,) is a measure of a material’s (or a structure’s) ability
to withstand significant strain without breaking. The ductility factor is determined
using the following Eq. (4):

Rﬂz’%lﬂ, 4)

where pu = displacement ratio, ¢ = soil condition.

3.1 Pushover Analysis

A pushover analysis determines how far a building can go into the inelastic range
before it is about to fail in whole or in part and is therefore subjected to a static
analysis. Dead loads and average live loads are applied to the building with the
force—deformation relationships of all load-resisting parts before and after yielding.
To predict seismic force and deformation requirements, the inelastic static pushover
analysis can be used. This study uses inelastic static pushover analysis to investigate
the effect of seismic stresses on building models with shear walls. The steps followed
to perform a pushover analysis on three-dimensional building are as follows:

The standard method is used to create the model (without the pushover data).
The desired qualities and limits for the pushover hinges are specified.

The frame elements are specified and assigned with one or more hinge attributes
and hinge locations to locate the pushover hinges in the model.

The load cases for defined.

A nonlinear static pushover analysis is performed.

The pushover curve is obtained from the analysis.

The value of V,, is determined from the pushover analysis.

Table 4 shows the response reduction factor calculated for models with vertical
and staggered openings. From Table 4, it is observed that the response reduction
factor is lesser for vertical openings compared with staggered openings. Staggered
openings are preferred to vertical openings since it has similar values to the shear
walls without openings.
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Table 4 Comparison on the values of response reduction factor

Models Vo (KN) R, T(s) |Ry “R” factor

With a shear wall and no openings 31,269.94 | 1.96 |0.57 1.84 | 3.60

With shear walls and vertical openings 30,158.85 | 1.89 |0.42 148 [2.79

With shear walls and staggered openings | 31,532.0 2.04 050 1.69 |3.44

4

Conclusion

The analytical study on building with various shear wall positions, varying sizes
of openings, varying percentages of openings, and their influence on the seismic
behaviour of the building is carried out. The observations are made and compared
for maximum storey displacement and drift for those configurations. From the study,
the following conclusions have been made.

1.

2.

The shear wall model (Model C) has better performance than the other models
because the building is stiffer.

Staggered openings have a slightly better arrangement based on displacement
and drift than vertical openings.

A minimum of 5, 10, and 15% of the openings have lateral displacements for
56 m height of the building (49.94, 51.92, and 53.40 mm), 72 m height (91.15,
94.65, and 110.04), and 88 m height (182.6, 194.86, and 214.58 mm).
Staggered openings appear to make the shear wall more rigid and ductile, while
vertical openings make the shear wall more brittle.

The most rigidity failure occurs in walls with vertical openings due to coupling
beam failure.

The R factor is greater in staggered shear wall openings than in uniform shear wall
openings. As a result, the staggered shear wall improves building performance.

Based on the analysis above, it would be preferable to provide staggered open-

ings than vertical openings. A staggered opening shear wall is the better choice for
providing the opening, as it gives better performance against earthquakes.
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1 Introduction

Most current constructions and a substantial amount of the world’s-built heritage are
mainly composed of existing structures, most of which have walls made of structural
(load-bearing) unreinforced masonry (URM) or non-structural (non-load-bearing)
infill masonry panels encased in reinforced concrete frames. Also, load-bearing
masonry is one of the earliest materials used in structures. Many massive historic
structures throughout the world, like temples, forts, churches, water retaining struc-
tures, etc., are made of load-bearing masonry. The significant differences between
historic and ordinary load-bearing masonry structures are of material used, geometry,
and structural composition of the masonry construction. Even though load-bearing
masonry has a very long and time-tested record of withstanding immense vertical
loadings, it lacks ductility. Earthquake damages have brought attention to the possible
earthquake-loading vulnerability of load-bearing unreinforced masonry (URM)
structures. Even with low-intensity tremors, cracks could appear in load-bearing
masonry construction.

The other probable reasons for cracks to appear in load-bearing masonry construc-
tions can be due to strength degradation because of ageing, weathering, loss of
mortar, uneven loading, wind and temperature loadings, and differential settlement.
Recent years have seen continual growth in the number of techniques for examining
masonry structures due to the increased interest in historical architectural heritage
and the desire to preserve historic structures. Although the historic monuments are
generally load-bearing masonry construction, physical characteristics and structural
behaviour are relatively unexplored. Lack of scientific and experimental under-
standing and the slow construction process of load-bearing masonry construction
have immensely contributed to the development and implementation of innovative
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materials and technologies in the construction field like steel and concrete. Although
steel and concrete have almost nullified the usage of load-bearing masonry, the total
built mass of this planet still has a significant amount of masonry in a variety of
forms. Health, safety, stability, and integrity analysis of masonry structures became
a critical area of research, and to accurately predict and analyze the mechanical
behaviour of masonry structures, numerous numerical techniques have been devel-
oped over a period. Experimental and analytical investigation for vast typologies
of masonry structures, that are associated with historical structures, with different
complex geometries is time-consuming as well as uneconomical. Implementing
available scientific evaluation techniques, like finite element numerical modelling
approaches which can simulate the behaviour of masonry structures near the actual
structural response, predicting and analyzing the health, safety, stability and integrity
of the masonry structures. The paper showcases a comprehensive analysis of the
difficulties in the numerical modelling of masonry structures. It also overviews two
primary numerical approaches—macro (a continuous mechanics model) and micro
(discontinuous mechanics model) modelling approaches for the analysis of masonry
structures along with an exploration of each strategy and field of application.

2 Structural and Mechanical Challenges

Masonry is a complex material considering that it consists of a variety of different
materials used as units and vast mortar compositions along with a different structural
geometry. The numerical analysis of masonry structures is a complex task. Along with
the uncertainties in mechanical characteristics, the mechanical behaviour of masonry
structures is highly unpredictable. For historical structures, the level of complexity
increases due to large variations and uneven geometry. The accurate mechanical
parameters of masonry and its constituents, which were obtained through destructive
and non-destructive laboratory experimental and in situ testing, play a pivotal role
in the development of reliable numerical tools with accurate simulation capabilities.
While deriving mechanical parameters, one may face two major challenges. First,
lack of resources available to investigate the mechanical response of old masonry
structures. Second, the analysis of historical structures is constrained by inadequate
knowledge and understanding. This section briefly addresses the main structural and
mechanical challenges which occur while dealing with historical as well as ordinary
masonry structures. More details can be found on this in [1, 2].

2.1 Structural Challenges

Masonry structures largely consist of walls and lintels’ arrangements. Structural
details of these components play a pivotal role in the mechanical response of the
masonry structures. The mechanical response of the wall depends on its structural
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details like the type of arrangements of masonry units (masonry bonds line stretcher,
header, English, Flemish, etc. [3], connection (toothing or not) between orthog-
onal walls [4]. In the case of the lintel arrangement, mechanical response depends
on the type of lintel (arch, wooden, stone, etc.). When these components form a
structure, the strength of the connection with the horizontal diaphragm [5] and inter-
action with the adjacent building [6] also play an important role in the mechanical
response. Structure-related details are also influenced by historical development and
the centuries-long overlap of alterations. With a lengthy building time and an uncer-
tain construction sequence, a lot of information is unclear which includes geometry,
the inner core of structural elements, the level of present damage, and many more [4].
A thorough geometrical and structural survey is needed in these contexts. Another
concern is whether structural details and geometry can be used for structural analysis
based on geometrical and structural surveys. As proposed in [7], the CAD drawings
can be directly import for simple structural analysis tool. However, it could be diffi-
cult to import CAD drawings in mesh-based structural analysis tool. These CAD
drawings usually have compatibility issues in terms of mesh errors during numerical
process. To address these issues, some methods have been suggested in [8—11].

2.2 Mechanical Challenges

Masonry refers to an assembly of components made with blocks bonded with mortar.
These blocks usually present quasi-brittle mechanical behaviour and are made of
natural stones, fired and unfired clay bricks, calcium silicate bricks, etc. The hetero-
geneity of masonry is attributed to masonry bond, i.e. assembly of masonry units
in a certain pattern, whereas the complexity of masonry is attributed to the large
variety of constituent materials with different mechanical properties [1]. Masonry
is an anisotropic material [12]. There are three anisotropies that can be observed in
masonry. First, strength anisotropy as it shows different strengths with respect to
different directions. Second, elastic anisotropy as it exhibits different elastic prop-
erties along different directions. And third, brittleness anisotropy is based on its
post-peak response. Brick masonry exhibits significant anisotropic properties than
stone masonry since there is no periodicity in the material [4].

The mechanical response of masonry is governed by the mechanical properties of
its constituents. Masonry components usually exhibit quasi-brittle behaviour under
both compressive and tensile loads. Although in comparison to the tensile response,
the compressive response exhibits significantly higher values of strength and fracture
energy [8]. Figure 1a, b depict the behaviour of quasi-brittle materials under uniaxial
tensile and compressive loads, respectively.

In addition to the nonlinearity demonstrated by the masonry constituents, it also
exhibits typical stress-dependent cohesive-frictional behaviour in shear and a cohe-
sive behaviour in tension, both of which include softening of the cohesion [2].
Two separate phenomena, tensile and shear failure, can be seen at the unit-mortar
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(a) ) (b)

Fig. 1 Behaviour of quasi-brittle materials; a uniaxial tensile loading; b uniaxial compressive
loading [13]

interface. Although, strength, ductility, and stiffness are the defining factors of the
mechanical behaviour of masonry.

2.3 Masonry Characteristics

Although masonry can be constructed using a variety of materials, structural details,
and geometries, it is extremely difficult to characterize the mechanical properties
experimentally. However, over the years, experimental setups and tests have been
proposed by various researchers, but the accuracy of those is still debatable [15, 16].
Also, Masonry exhibits different maximum strength and failure modes at different
scales as shown in Fig. 2. Masonry could be characterized experimentally at different
scales, like masonry components, small-scale masonry wallets, full-scale masonry
wall panels, and full-scale masonry structures [17].

Although laboratory testing is considered to be more reliable than the in situ
testing. For existing and historical masonry structures, non-destructive and semi-
destructive in situ methods can be employed for the characterization of the masonry
[18, 19].

2.4 Failure Mechanism

Masonry walls are susceptible to in-plane loading. Some of the common failure
patterns observed in the masonry walls are sliding, diagonal cracking, and crushing.
Figure 3 depicts typical masonry failure patterns. Sliding occurs due to the low
strength of mortar and low pre-compression, whereas diagonal cracking depends on
the relative strength of the unit and mortar. Crushing happens due to high loading in
the normal direction, whereas diagonal cracking may occur due to high axial load
and low aspect ratio.
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r r=V/A

a,=P/A

(b) °

Fig. 2 Maximum strength and failure modes of masonry a at material scale, b at structural element
(pier) scale [14]

JNTR AIRT

(b) ©

(d)

Fig. 3 Masonry failure [20]: a bond tensile failure, b bond shear sliding, ¢ diagonal masonry
cracking, d masonry crushing, and e tensile cracking
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3 Masonry Analysis Approaches

To understand the behaviour and damage of masonry structures, it is extremely neces-
sary to develop a reliable advanced structural modelling technique. This modelling
approach also aids in developing design principles and comprehending experimental
programmes [21]. To model the behaviour of masonry structures, the displacement-
based FE method is mostly used. Two basic approaches can be used to explore a
masonry structure’s collapse or near-collapse response: incremental analyses and
limit analysis-based methods [4].

3.1 Incremental Analysis Approaches

Generally, incremental analysis can be based on displacement or loading, in which
the loads are divided into several increments. Load and displacement are increased
in each step in the load-based incremental and the displacement-based incremental
analysis approaches, respectively. These methods make it possible to consider both
geometrical and mechanical nonlinearities. It can be classified into two types as
follows [22].

First, nonlinear static analysis, with simulations in either load control or displace-
ment control, as well as event-by-event damage control [23, 24]. This type of analysis
is used to conduct the pushover analysis, a widely used and standardized method to
evaluate the seismic response of masonry structures [4].

Second, nonlinear dynamic analyses can take damping and inertial effects into
consideration while gradually applying the time-dependent loading or displacement
on the structure [25]. It can simulate how earthquakes, collisions, explosions, and
other dynamic events will affect masonry structures.

3.2 Limit Analysis Approaches

Limit analysis estimates the collapse load of a specific structural model based on
a set of theorems instead of iterative or incremental analysis [4]. Static theorem
(lower bound limit analysis) underestimates the required force to be applied to cause
a specific deformation, whereas the kinematic theorem (upper bound limit anal-
ysis) overestimates the force to be applied to cause a specific deformation. The
two methods are collectively referred to as “limit analysis™ since the actual loads
needed will fall between the lower and upper boundaries. It only provides infor-
mation on the mechanism of collapse; it does not provide information regarding
the ultimate displacement or post-peak reaction, which are essential to widely used
displacement-based seismic evaluation procedures [4].
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4 Modelling Strategies

Brick units and mortar joints combine to form the composite material known as
masonry. Because mortar joints serve as weak points or planes of weakness, masonry
exhibits specific directional characteristics. To define the characteristics of masonry,
several constitutive models are used. The definition of the constitutive model is
given in [4]. Constitutive models have been created in such a way that simulations
and experiments may reasonably agree with each other. As discussed in the previous
section, displacement-based FE calculations have been carried out by dividing the
structure into elements and assigning the material properties individually [20].

As shown in Fig. 3, it is clear that (a) and (b) are joint mechanisms, (c) and (d) are
mechanisms that involve units and joints together, and (e) is a unit mechanism. To
consider all these modes of failure in the masonry model is an interesting challenge.
Over the years, many researchers have pursued including all these failure modes in a
constitutive model. Like [26, 27] have considered the shear and tensile failures of the
joints. By limiting the compressive/shear stress combinations, [13] has incorporated
diagonal tensile cracking of the units and masonry crushing, along with the shear and
tensile crackings of joint failure mechanisms in the model. Two different modelling
strategies, micro (discontinuous mechanics model) modelling and macro (continuous
mechanics model) modelling, are suggested by [13] to model masonry and all the
above-described failure modes using the constitutive models.

4.1 Micro (Discontinuous Mechanics Model) Modelling

In the micro-modelling approach, the individual components, unit, mortar, and
unit—-mortar interface of the masonry are modelled discreetly. There are two
micro-modelling strategies based on the accuracy required as follows [21].

First, the detailed micro-modelling, in which the units, mortar modelled as a
continuum element and the unit/mortar interface is modelled as a discontinuum
element [13] Fig. 4a; second, the simplified micro-modelling, in which units are
expanded, to maintain overall geometry Fig. 4b, is modelled as continuum elements
and the behaviour of the mortar and the unit/mortar interface is combinedly modelled
as discontinuum elements [13].

As shown in Fig. 5, units are modelled with continuum elements that expanded
in both directions by the mortar thickness [13].

Micromodels can produce load—displacement paths and crack patterns of a
masonry structure [13, 21]. The various tests utilized to find the material charac-
teristics necessary for the micro-model are described in [29].
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4.2 Macro (Continuous Mechanics Model) Modelling

In the macro-modelling approach, unit, mortar, and unit/mortar interface are
considered and modelled as a homogeneous continuum [13] (Fig. 6a).

Composite

1] Homogenisation

(@ (b)

Fig. 6 a Macro-modelling strategy [28]; b homogenization [29]
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It is assumed in [13] that internal parameters associated with a fracture energy
in tension and compression can be used to simulate the internal damage related to
each failure mechanism, and that micro-level crack development controls the failure
mechanism of masonry loaded in tension and compression. These assumptions are
made to model a continuum that behaves like the orthotropic material. The material
stress—strain behaviour is determined from experimental tests that are conducted on
masonry assemblages in [30] or using a process known as homogenization (Fig. 6b).
A review of homogenization techniques is provided in [13].

5 Conclusion

The micro-model accounts for the coupling between cracking and decohesion and
softening the friction and dilatancy angles. A full pre- and post-failure zone can be
tracked, which is in good agreement with experimental observations [13].

Small-scale masonry assemblages, like small structures or structural components,
where the interaction between units and mortar is of major importance are particularly
well suited for the micro-model. Time and memory requirements are massive for
large structures. The macro-model can predict completely diverse behaviour along
the material axis. It also can reproduce the biaxial behaviour of all masonry types.
The macro-modelling technique does not allow for the modelling of local failure
mechanisms (unlike the micro-modelling technique). Since local failure modes are
less significant, it is helpful for modelling huge masonry sections. Additionally,
it demonstrates significant agreement with the experimental findings [13]. Local
masonry failure modes, notably cracking, are significant for historic structures. An
accurate local crack pattern may not be replicated by a macro-model [31]. Conversely,
a micro-model could imitate local debonding behaviour since it can capture detailed
local crack patterns.

It can be concluded that the numerical tool developed using these FE numer-
ical modelling approaches has accurate predictive capabilities in analyzing masonry
ranging from historic to modern structures, which can be applied in engineering
practices.
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Comparison of Reinforced Cement )
Concrete Versus Steel Structures oo
in Health Industry

R. Kavitha, V. Rajeshkumar, S. Sabarinathan, V. Vijai Anand,
and J. Ajithkumar

1 Introduction

Medical equipment rooms required service trenches to provide cables. Higher floor
height is required at operation theatre locations to install high ventilation air condi-
tioning plenums and lighting. Sufficient space should be available between the ceiling
and the false ceiling to run all the service lines. It needs radiation insulation for
the computed topography simulator, MRI scan, X-ray, linear accelerator, and other
medical equipment rooms. Noise insulation should be provided for air handling units
and other electrical equipment rooms as a functional requirement. The life of the
structure shall be considered to be 100 years. Steel is used as an alternative material
for construction is gaining acceptance around the world due to many reasons fabri-
cated steel materials are kept in the factory yard. Material for construction is stored
on site. Consequently, there is less congestion on site, which improves site manage-
ment. Concrete structures have better fire resistance than steel. RCC construction
will result in lower project costs overall than steel buildings [1].

1.1 Merits of RCC Structures

RCC structures need unskilled labour, not like steel structures, which require skilled
labour. RCC structures are economical, so the overall cost of the projects will be lower
in the case of RCC structures compared to steel structures. RCC materials are easily
available. Outweigh is an advantage for structures, which is critical to wind load and
flood load conditions to satisfy the stability of structures. Since service coordination
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is more important in healthcare projects, core cutting in RC slabs is easier compared
to composite deck slabs. RCC has less thermal expansion capacity than steel, so it is
affected by high temperatures [2]. Reinforced concrete structures have better thermal
expansion and sound insulation than steel structures. RCC structures are good enough
to absorb radiation from medical equipment such as linear accelerators, X-rays,
CT simulators, MRI scans, brachytherapy, and nuclear plants. RCC structures are
weatherproof, allowing them to withstand the most severe effects of climate change.
It can be cast to take the shape required by the architect because of its fluidity.
RCC structures withstand noise insulation for air handling units and other medical
equipment rooms. RCC structures can easily withstand earthquake loads and are
designed with an important factor for seismic load conditions of 1.5.

1.2 Merits of Steel Structures

Steel has many advantages and is becoming more popular in India as a substitute for
other building materials due to many reasons. Due to the faster construction schedule,
the construction time on site is reduced since the steel framework is manufactured
off-site and is merely welded together. In comparison with concrete structures, steel
frames may be constructed in less than 50% of the time. Material is fabricated off-site
in ahighly precision-engineered condition. Hence, better quality can be achieved. The
entire production process is automated, with input from Tekla that becomes the CNC
machine’s input data and is directly fabricated, reducing the involvement of humans.
Quality control can be planned, executed, and monitored easily in steel. Fewer labours
are required at the site, so less administrative people are required, which results in
fewer accidents happening at the site. The majority of workers are highly trained and
skilled, making construction in steelwork much safer than reinforced concrete. Steel
adds to the green building concept in terms of the reusability of steel after the life
cycle of the project. Steel frames can be 100% recycled and reused. Steel frames can
be demountable and reusable. It needs fewer well-trained and skilled labours, and
accidents will be fewer to achieve safety. Steel has the advantage of being compatible
with modification after construction. Steel better addresses modification issues as
compared to concrete. Steel frames can achieve much longer spans. Office floors can
achieve long spans of up to 18 m. Wide column spanning implies better utilisation
of space and reduced area due to internal columns. Hence, it produces better-quality
spaces [3]. Long spans provide more flexibility for future changes in use. Parallel
activity is possible when the structure can be done at the top and glazing work can
be done at the bottom. Architectural features can be easily accommodated in steel
structures. The erection process will be safe when compared to RCC structures. Less
storage space is required at the site, and material is fabricated and stored at the factory
yard. Material for a construction is stored at the site. Hence, less clogging of space
is required at the site. Steel construction is quiet and dust-free. A steel structure can
be built in a commercial area with little hindrance to the public. Complicated design
and fabrication can be simplified, and accuracy can be guaranteed.
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2 Modelling and Analysis

The building described is a 24-storey hospital with three basement levels and a
ground floor. The original structural system is made up of a reinforced concrete
flat slab with a drop, peripheral beams, and column construction. The columns are
spaced at 11.7 x 8.7 m and 8.7 x 8.7 m centres, and lateral stability is provided by
reinforced concrete walls located in the lifts, stairwells, and edges. For comparison,
a steel frame building was modelled by replacing the reinforced concrete flat slab
with composite deck sheets, the reinforced concrete peripheral beams with steel
beams, and the reinforced concrete columns with steel columns. The steel beams
and columns would need to be designed to support the same loads as the previous
reinforced concrete structure. Lateral stability would need to be provided by the steel
frame and bracing system. The foundation, which is a raft foundation with pedestals,
as determined by the soil report, would also be used in steel frame buildings. 3D
structural modelling and analysis were carried out using a finite element software
package for dead load, live load, wind load, earthquake load, and load combinations
[4-6].

2.1 Dead Imposed Load

The imposed loads are intended to act permanently (wherever applicable) as listed
in Table 1. This load includes the self-weight of every frame and shell element built
into the structure, as well as the self-weight of slabs applied to beams as trapezoidal,
triangular, or uniform loads depending on the yield line pattern. This example consists
of toilet waterproofing, ceiling-hung loads, and floor finishes. Solid brick walls that
are either 230 or 115 mm thick make up every interior and exterior wall. Calculated
loads are applied when necessary as either an evenly distributed load on the beams
or a uniform pressure on the slab. This load also takes into account parapet loads [6,
71.

Table 1 Dead imposed load

Description Intensity in kN/m? of plan area
Weather-proof course Depends on the thickness and slope
False ceiling and MEP services 0.5

Floor finish 1.2
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Table 2 Live load

Occupancy classification Udl kN/m? of plan area
X-ray rooms 3.0
Operating rooms, general storage area, ICU 3.0
Office rooms and OPD rooms 2.5
Wards and dressing rooms 2.0
Records/files store rooms and storage space 5.0
Corridors, passages including staircases 4.0

2.2 Live Load

The live loads based on the occupancy classification as per IS: 875 (Part 2) are
mentioned in Table 2 [8-10].

2.3 Wind Load

The wind load and pressure on the structure are calculated based on the provisions
in IS: 875 (Part 3)—2015. The basic wind speed is 44 m/s, risk coefficient is 1.07,
terrain category is 2, structure class is Class C, and the topography factor is 1.0. These
inputs are used to determine the static design wind pressure, which is then applied
to the model for the load analysis. The joint loads for each floor are calculated based
on the contributory areas and applied in the respective diaphragms [11, 12].

2.4 Seismic Load

The loading due to earthquakes is calculated based on IS: 1893. Seismic Zone III is
considered, and an importance factor of 1.5 is applied for the hospital building. The
response spectrum method is used for the dynamic analysis of earthquake forces in
both X and Y directions. The response spectrum values are calculated using T versus
Sa/g equations, and the base shears are adjusted by a factor of (VB bar/VB). The
effect of torsion is considered by applying eccentricity overrides in the software [13].

3 Result and Discussion

A typical foundation design done for a 24-storey building in RCC and steel requires
a reinforced concrete frame of 78 m> and a steel frame of 24 m3, which shows
steel buildings are 40% lighter than equivalent reinforced concrete and hence require
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Fig. 1 a Reinforced concrete frame. b Steel frame
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Fig. 2 a Carpet area for reinforced concrete frame. b Carpet area for steel frame

70% less concrete, resulting in smaller foundations and lesser site work. This saves
time and money on groundwork. The approximate foundation size for reinforced
concrete frames and steel frames is shown in Fig. 1. A typical column design for a
24-storey building requires a column size of 1500 mm by 1800 mm. The composite
steel column size required is 650 mm by 650 mm. The carpet area required for the
typical column design of a 24-storey building is shown in Fig. 2. The size of steel
columns is much smaller than RCC columns, and the sleek nature of steel enables
more carpet area. Steel columns take up less space; they can be 85% smaller than
equivalent RC columns. This results in an increase in net lettable floor space and
is more architecturally pleasing. The approximate RC column size for reinforced
concrete frames and steel frames is shown in Fig. 2.

4 Conclusion

The cost of the steel structures is mainly based on the RC foundation, RC basement,
structural steel for column, beam, profile deck sheeting, steel erection, fire protection
coating, reinforced cement concrete slab over deck slab, concrete to encase the steel
column, RC core wall for staircase and lift location, lintel and sunshade, elevation



48 R. Kavitha et al.

features, staircase, water tanks, pedestals, and the addition width of the expansion
joint between two buildings. If the steel structure is built for both dead load and live
load, the cost will increase by 40-50% compared to RCC buildings and by 70% if the
steel structure with bracing is intended for lateral load. Steel buildings are 40% lighter
than equivalent reinforced concrete and hence require 70% less concrete, resulting in
smaller foundations and lesser site work. Steel columns take up less space; it can be
85% smaller than equivalent RC columns. The type of structure is to be considered
based on the optimisation of:

¢ Due to the return on investment—Steel structures can be erected much faster
than concrete structures. Steel components are prefabricated off-site, allowing
for efficient assembly on-site. This reduces labour costs and overall construction
time, resulting in cost savings.

e Labour availability—Conduct a thorough assessment of the project requirements
and create a comprehensive workforce plan. This plan should consider the required
skills, experience levels, and labour quantities for each phase of the project.

e Completion time—Construction time can vary depending on project size,
complexity, and other factors; steel structures generally offer shorter construc-
tion durations compared to concrete structures. The ability to prefabricate steel
components, the ease of assembly, reduced curing time, and weather independence
are key factors that contribute to the faster completion time of steel structures.
Construction time was almost reduced to 50%.

e In the healthcare industry, buildings should be fire-proof and radiation-insulated
to satisfy functional requirements.

e Air and noise pollution control needs to satisfy the statutory requirements.
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Experimental Investigation on Concrete )
by Partial Replacement of Fine oo
Aggregate with Olivine Sand

G. Akash Kanna and N. Parthasarathi

1 Introduction

Concrete is widely regarded as one of the most commonly utilized building materials
worldwide. It is notable for its great compressive strength and a considerably lower
environmental impact when compared to steel. However, since concrete is used in
such large quantities during construction, the main concern regarding its use is the
environmental impact. A recent study indicated that concrete is responsible for up
to 8% of global CO, emissions [1]. A Lancet study also estimated that 1.7 million
of India’s registered fatalities in 2019 were premature, accounting for 17.8% of all
deaths that year which were largely caused by particulate matter (PM) pollution.
Hence, this is a compelling argument for creating greener concrete that has a better
influence on the environment, in this case, carbon absorption [1].

According to the above considerations, this paper focuses on investigating the
behaviour of partial replacement of fine aggregate using olivine sand. In 2022,
Frank Winnefeld proposed that magnesium silicate-based rocks such as olivine are
sufficiently abundant and are significantly capable of sequestrating all the carbon
emissions for the next few centuries [2]. The usage of these materials will not
only sequester higher amounts of CO, but also open up possibilities for generating
construction materials with a carbon-negative impact.

Olivine sand is utilized as a substitute for fine aggregate since it has proven to have
strong carbon absorption qualities and because utilizing waste materials and readily
available resources is a growing trend in the building industry. This will not only lower
the atmospheric CO; level but also improve the concrete’s tensile and compressive
strengths, making it a preferable alternative to fine aggregate. In addition, olivine
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sand has a high thermal resistance capacity which makes the concrete resistant to
thermal attacks up to 850 °C [3].

2 Materials Used

2.1 Cement

Cement plays an essential role in the field of construction, serving as a fundamental
component for various structures including buildings, bridges, dams, roads, and many
others. In this paper, Ordinary Portland Cement (OPC) of grade 53 was utilized. As
per IS4031 part 11-1988 [4], the specific gravity of cement typically falls within the
range of 3.10-3.16, while the recommended fineness should be around 10%. The
cement employed in this study exhibits a specific gravity of 3.15 and a fineness of
8%.

2.2 Olivine Sand

Olivine sand is a naturally occurring mineral obtained by crushing a type of rock
known as dunite. The mineral is notable for its high melting point and high relative
density [5—7]. This makes it one of the best substitutes when compared to other sands
[2]. Olivine sand is primarily used for making moulds in the manufacture of large
steel and iron castings which provides a cleaner surface when demoulded than using
quartz sand.

The specific gravity of olivine sand ranges from 3.2 to 3.4 and the fineness modulus
ranges from 2.2 to 3.2. In this project, the variation in percentage of olivine sand as
a fine aggregate replacement is done.

2.3 M-Sand

Manufactured Sand (M-Sand) is a type of sand which is used as a substitute for
conventional river sand. These are made by crushing hard rocks and granites. The
M-Sand has a particle size of 4.75 mm. The rapidly expanding construction sector has
caused a significant rise in sand demand, which has resulted in a global shortage of
adequate river sand. The usage of M-Sand has grown due to the over-exploitation of
high-quality river sand for construction. As per IS383-2016 [8], the specific gravity
of M-Sand ranges from 2.4 to 2.9 and the fineness modulus ranges from 2.2 to 3.2.
In this paper, M-Sand was utilized as a fine aggregate.
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2.4 Coarse Aggregate

Coarse aggregate refers to the granular material used in construction, primarily for
creating concrete and other composite materials. The primary role of coarse aggre-
gate in concrete is to provide volume and stability to the mixture. By combining with
cement, water, and fine aggregates (such as sand), coarse aggregates form the frame-
work that binds the concrete together. In this study, coarse aggregates measuring 12
mm in size were employed. The physical characteristics of the coarse aggregate were
assessed in accordance with IS383-2016 [8] and 1S2386 part 1-1963 [9], revealing a
specific gravity of 2.51 and a fineness modulus of 4.89.

3 Preparation of Specimens

Concrete mix of grade M30 was prepared as per 1S456-2000 [10] and 1S10262-
2019 [11] for the desired fine aggregate replacement proportions. A special care
should be taken while mixing the concrete as it may affect the workability and
structural integrity of the concrete. Preliminary tests such as specific gravity and
fineness modulus were done to evaluate the characteristics of the materials used
prior mixing of concrete. Machine mixing is adopted to get an efficient and uniform
mixing.

After the mixing process, the concrete mix is poured into a variety of moulds as
per requirement. The compressive strength test utilized cubical moulds measuring
100 mm x 100 mm x 100 mm, while the flexural strength test employed cuboidal
moulds measuring 500 mm x 100 mm x 100 mm. Lastly, for the split tensile strength
test, cylindrical moulds with dimensions of 200 mm x 100 mm were utilized. In this
study, 100 mm cubical moulds and 200 mm cylindrical moulds were used instead of
150 mm cubical and 300 mm cylindrical moulds due to their convenience in handling
and storage. Another reason for adopting these mould sizes is for easy comparison
and reference to past studies and projects using the same cube size, enhancing the
comparability of test results. After the concrete mixture is carefully poured into the
moulds, it is crucial to maintain a state of uninterrupted rest for a duration of 24 h to
allow the concrete to dry. Then the concrete specimens are demoulded and transferred
to the curing tank. Subsequently, the cured concrete undergoes testing at intervals of
7 days, 14 days, and 28 days to assess their respective strengths.
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4 Experimental Study

4.1 Compressive Strength Test

Compressive strength stands as a fundamental characteristic of concrete. In this
study, the primary objective was to determine the maximum load-carrying capacity
of concrete specimens. The test was carried out in accordance with IS516-1959. The
experiment involved casting seven different concrete mix proportions, including a
conventional mix, into cube moulds sized at 100 mm x 100 mm x 100 mm. For each
curing period, three sample specimens were casted for each mix proportion such that
9 cubes per proportion which sums up to a total of 63 concrete cubes. Following
the designated curing time, the cubes were dried and carefully positioned within a
compression testing machine (CTM) capable of handling 2000 kN. Gradually, an
increasing load was applied to the surface of each specimen until it ultimately failed,
allowing for the recording of the maximum load endured.

4.2 Split Tensile Strength Test

The split tensile strength test was conducted to determine the hardened concrete’s
capacity to withstand tension. This test was performed in accordance with IS5816-
1999. In general, concrete is not expected to resist direct stress and tends to develop
cracks when the tensile force surpasses its inherent tensile strength, primarily due
to its brittle characteristics. For this experiment, cylindrical moulds of size 200 mm
x 100 mm were used. The cylindrical concrete specimens were positioned horizon-
tally in a CTM of 2000 kN capacity and subjected to a uniform load until it failed
vertically. The resulting failure load was recorded, and the concrete’s tensile strength
was determined.

4.3 Flexural Strength Test

The flexural strength test is a widely employed method for evaluating the capacity of
concrete to resist bending or flexural forces. The size of the beam mould used in this
experiment is 500 mm x 100 mm x 100 mm. To prevent any reduction in flexural
strength due to surface drying, the specimens were promptly tested upon removal
from the curing environment. The specimens were marked with a line of 5 cm from
both ends of the beam and a line of 7 cm on both sides from the midpoint of the
beam. For this test, a Universal Testing Machine (UTM) with a capacity of 2000 kN
was used. The specimens were loaded without shock at a constant rate of 1800 N/m
until the specimen gets failed. The failure load was noted, and the flexural strength
of the concrete was evaluated.
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Table 1 Properties of hardened concrete

Percentage of | Compressive strength of | Split tensile strength of | Flexural strength of
olivine sand | concrete (MPa) concrete (MPa) concrete (MPa)
i(rll%(;oncrete 7 days | 14 days | 28 days | 7 days | 14 days | 28 days | 7 days | 14 days | 28 days
0 2423 [31.07 |33.06 |[1.32 |1.71 2.16 7.11 |8.69 9.41
10 24.82 |31.35 3432 [2.02 |2.74 2.98 830 |8.77 9.72
20 25.16 3227 3557 [247 |3.12 3.44 8.63 9.36 9.81
30 27.03 3341 |38.14 |2.84 |3.57 3.60 9.61 |9.95 11.02
40 2530 [32.28 3444 |259 |337 3.38 8.66 [9.52 9.84
50 2531 [31.81 3423 |248 [3.23 3.34 791 |941 9.75
60 24.62 [30.97 |34.05 [236 |3.09 3.28 7.61 |9.19 9.41

5 Results and Discussion

5.1 Compressive Strength of Concrete

The compressive strength of concretes of various replacement proportions was exam-
ined and compared [12, 13]. Table 1 gives the compressive strength of concrete at
various fine aggregate replacement proportions. Results show that the compressive
strength of concrete improves when the fine aggregate is substituted with olivine sand
up to 30% and gradually decreases after further replacement proportions. This may
be due to the finer particle size of olivine sand which slows down the formation of
the water-cement gel matrix, a crucial factor in determining the strength of concrete.
The concrete mixture utilizing M30 grade and replacing 30% of fine aggregate with
olivine sand demonstrates a peak compressive strength of 38.14 MPa, surpassing
the conventional mix’s strength of 33.06 MPa after 28 days. These findings indi-
cate that incorporating 30% olivine sand as a replacement for fine aggregate yields
the optimum strength. Figure 1 shows the graph of compressive strength versus
percentage of olivine sand in concrete.

5.2 Split Tensile Strength of Concrete

The splitting tensile strength of concrete at different fine aggregate proportions is
given in Table 1. A similar response was obtained from the results which indicates
that the strength of concrete gradually increases up to 30% of olivine sand in concrete
and decreases with further replacement proportions. Cylindrical specimens made of
M30 grade concrete were fabricated in order to assess the splitting tensile strength.
Based on the findings, the optimal splitting tensile strength of 3.60 MPa was attained
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Compressive strength vs percentage of olivine sand in concrete

50

40

. et e

——————— *—uo

20

10

0% 10% 20% 30% 40% 50% 60%

Percentage of olivine sand in concrete (%)

Compressive strength of concrete (MPa)

e=@==7 days e=@==14days ==@=28 days

Fig. 1 Compressive strength versus percentage of olivine sand in concrete

from 28 days of curing by incorporating 30% olivine sand as a replacement for M-
Sand, surpassing the tensile strength of conventional concrete, which measures at
2.16 MPa. Figure 2 shows the graph of split tensile strength versus percentage of
olivine sand in concrete.
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Fig. 2 Split tensile strength versus percentage of olivine sand in concrete
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Flexural strength vs percentage of olivine sand in concrete
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Fig. 3 Flexural strength versus percentage of olivine sand in concrete

5.3 Flexural Strength of Concrete

The flexural strength results of different fine aggregate proportions in concrete are
given in Table 1. To determine the flexural strength, flexure beams were casted and
subjected to curing. Following the curing period, three-point loading was applied to
the specimens to check the failure load. The flexural strength of the specimen exhibits
a proportional increase of up to 30% fine aggregate replacement with olivine sand,
similar to the patterns observed in compressive and tensile strength. However, upon
further addition of olivine sand, the flexural strength experiences a decline. The
flexural strength of the concrete incorporating 30% olivine sand was assessed at the
end of 28 days and determined to be 11.02 MPa. This value surpassed the flexural
strength of conventional concrete, which measured at 9.40 MPa. Based on the results
obtained, 30% replacement of M-Sand with olivine sand provides better performance
and gives the optimum flexural strength. Figure 3 shows the graph of flexural strength
versus percentage of olivine sand in concrete.

5.4 Microstructural Studies on Concrete Samples

The microstructures of the optimum concrete and conventional concrete were anal-
ysed and compared [3]. Based on the development of hydration components in the
microstructure of the samples, the reason behind the strength of concrete was deter-
mined. Pores, residual hydrated cement, Calcium Silicate Hydrate (C-S-H), and
calcium hydroxide (CH) are the most important elements to be considered during
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the microstructural study of concrete [14]. The HRSEM microstructural images of
the conventional and optimum concrete powder samples are shown in Figs. 4 and 5.

The HRSEM images give detailed information on the elements present in
concrete’s surface structure and microstructure [14]. The powdered concrete samples
were sieved to get uniform size distribution and then subjected to the analysis. For this
project, microstructural images of the concrete samples at a magnification of 5000
and 15,000 pm were obtained. The fundamental factor responsible for the practical
hardness of conventional concrete was found to be the widespread distribution of
C-S-H gel over the wet cement paste mixture [6]. A variety of hydration products
including CSH and CH were formed in all concrete samples. Calcium hydroxide
(CH) is represented by the bright portion in the HRSEM image whereas Calcium
Silicate Hydrate (CSH) is represented by the grey spherical portion. The finer the
aggregate, concrete will exhibit more compact surface with minimum voids.

XRD analysis is one of the techniques to identify the mineral composition like
Calcium Silicate Hydrate (CSH), calcium carbonate (C), calcium hydroxide (CH),
ettringite present in concrete. As illustrated in Fig. 6, the X-ray diffraction (XRD)
analysis revealed prominent peaks of quartz (Si0;) in both concrete samples. The
detection of CSH indicates the formation of hydration products in concrete, which
play a crucial role in conferring strength to cement-based concretes [6]. The peaks of
calcium-bearing minerals are linked to cement, whereas the peaks of quartz are linked
to aggregates. The presence of peaks indicating calcium hydroxide (CH) and carbon

Fig. 5 Microstructural image of optimum concrete a 5000 wm; b 15,000 pm
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a b

Fig. 6 XRD pattern of a conventional concrete; b optimum concrete

(C) in the XRD pattern implies an abundance of unreacted lime in the cement, poten-
tially caused by the lack of amorphous components within the concrete [15]. Notably,
Fig. 6 demonstrates that the optimum concrete sample exhibited sharp peaks of SiO,
along with significant CSH peaks [3]. Apart from this, other mineral peaks were found
weaker. The presence of hydration products suggests that the calcium minerals were
almost entirely converted, leading to the formation of a well-developed microstruc-
ture. This, in turn, contributes to the reinforcement of the concrete’s strength [14].
Ettringite, which could have transformed into monosulfoaluminate hydrates during
subsequent hydration phases, was not detected in either of the concrete samples due
to the presence of tricalcium aluminate (C3A) in the cement. Figure 6 shows the
XRD pattern of both conventional and optimum concrete samples.

6 Conclusions

In this study, the optimum percentage of olivine sand in concrete was determined
using various mechanical and analytical techniques. The results were compared with
conventional concrete and led to the following conclusions.

e The compressive strength of concrete cubes at 28 days was observed. From the
observation, it was found that concrete with 30% of fine aggregate as olivine sand
achieved a compressive strength of 38.14 MPa which is comparatively higher than
conventional concrete whose compressive strength is 33.06 MPa.

e This concrete with a fine aggregate proportion of 70:30 (M-Sand: Olivine sand)
also performed better in flexural and splitting tensile test which makes it as the
optimum replacement proportion.

e The microstructures of both conventional and optimum concrete samples indi-
cate the development of hydration components. In both cases, a well-developed
and evenly distributed microstructure was apparent. Minor traces of CH in all
the concrete samples show its maximum utilization in the hydration process of
cement.
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Quartz (Si0,) and CSH were the dominant peaks in all the concrete samples, and
minor peaks of C and CH were also found.

The optimum concrete showed 15.36% greater compressive strength, 66.66%
greater splitting tensile strength, and 17.20% greater flexural strength when
compared to the conventional concrete at 28 days.

The cost of olivine sand is comparatively higher than that of usual fine aggregates
such as M-Sand and river sand. But the benefits of adopting olivine sand in concrete
outshine its disadvantages. In addition, the recommended amount of olivine sand
replacement from the project results is 30%, which would not make the concrete
more expensive and can still be affordable.

It was suggested that concrete manufactured using the application of olivine sand
can be utilized for both commercial and industrial applications.
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Optimum Study of Friction Pendulum )
Isolated Building in Response Mitigation | @i
under Near Fault Excitation

Dasari Sreeman and Bijan Kumar Roy

1 Introduction

Numerous studies have demonstrated that base isolation systems can effectively
reduce the structural damage during seismic excitations [1]. In practice, the widely
used seismic isolators are lead rubber bearings (LRB) and friction pendulum bear-
ings (FPS). During the last few decades, the FPS has been employed widely in the
seismic design of buildings and bridges due to its notable characteristics [2]. The
unique behaviour of the FPS system is its ability to exhibit pendulum like motion in
the presence of friction and enables it to effectively dissipate a significant amount
of energy through self-recentring and sliding, thereby it reduces torsional effects
by eliminating mass eccentricity in the structure [3]. Number of researchers have
conducted analyses on the parameters of FPS bearings in order to optimize their
performance and achieve optimal seismic effectiveness [4]. In order to minimize
the seismic response of building in terms of displacement, researchers have derived
optimal ranges for the frictional coefficient [S]. Jangid [6] examined an optimum
design of FPS bearings subjected to near fault (NF) excitations. Earthquake records
from NF excitations exhibit significant differences compared with records from far
fault (FF) excitations, especially when the site is located within a distance of 20 km
from the fault rupture [7]. Under such excitations, the behaviour of buildings could be
significantly different. Primarily, two significant effects characterize NF excitations,
namely the fling step and directivity effect. These effects are based on three main
characteristics which are residual ground movement, the rupture direction corre-
sponding to the land site and the rupture mechanism. Fling step corresponds to
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one-sided velocity pulse, whereas the directivity effect shows a two-sided pulse in
its time domain velocities of the normal fault [8].

The study on NF excitations considering forward directivity and fling step effects
has attracted significant research interest. Under such excitations, well-designed and
constructed buildings can also get damaged [9]. According to studies, these velocity
pulses can induce high inelastic demands on multi-storey buildings [10]. Kalkan and
Kunnath [11] evaluated by comparing the behaviour of steel structure subjected to FF
excitations and NF excitations with fling step and directivity motions and concluded
that earthquakes with directivity characteristics excited higher modes, whereas
ground motion with fling effects led to a dominant first-mode response. Vafaei and
Eskandari [ 12] performed dynamic response of steel buildings by comparing FF exci-
tations to NF excitations with fling step and directivity characteristics and found that
NF earthquakes contribute to higher seismic demands than FF earthquakes, and more
dispersion in the results for NF with fling motions. Beiraghi et al. [13] evaluated the
impacts of FF and NF earthquakes with directivity effect on tall reinforced concrete
buildings. They concluded that NF earthquakes with a directivity effect induce signif-
icant displacement demands, ductility deformations and inter-storey drift ratio than
FF earthquakes. Xi and Liu [14] evaluated the response of intake tower to NF excita-
tions considering the fling step and forward directivity effects. The findings revealed
that these effects resulted in large curvatures and significant nodal displacements,
particularly in the lower portions of the structure.

Seismic isolated structures are designed and analyzed mostly for FF excitations.
The superstructure remains linear under design level earthquake, but the isolator
goes into nonlinear behaviour. Despite the considerable reduction in the building’s
response achieved through the implementation of isolation system, the structural
response of long period buildings may experience amplification due to presence of
velocity pulse found in NF events accompanied by directivity and fling motions. The
velocity pulses with a longer duration may distress the resisting force of the friction
pendulum isolators because it enhances the velocity to a certain constant value [15].
Furthermore, Petti et al. [16] concluded that if the isolated buildings are close to
the vibration period of NF excitations, they may induce resonance at low seismic
isolation frequencies. Ismail et al. [17] showed that NF ground motions could cause
considerable residual displacements in isolation systems with insufficient restoring
capabilities. The effect of LRB isolated structures subjected to bidirectional FF and
NF seismic excitations and observed that NF seismic excitations result in higher
seismic demands in the bearing system and superstructure [18]. Bhandari et al. [19]
examined the LRB isolated structure under FF excitations and NF excitations with
directivity and fling pulses and noticed that NF earthquakes with fling pulses impose
higher structural demands on the isolated structure than other seismic excitations.
Rong [20] studied the dynamic behaviour of five-storey buildings implemented with
LRB isolators under NF earthquakes to determine the optimal yield shear coefficient
and optimal LRB of pre- to post-yield stiffness ratio. Ozuygur [21] investigated the
storey acceleration of LRB isolated structure with different seismic force resistant
systems subjected to FF and NF excitations. Itis observed that increasing the stiffness
of the superstructure may effectively reduce floor accelerations, but excess damping
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is detrimental. Bhagat et al. [22] evaluated the performance of LRB isolated building
subjected to NF excitations with directivity and fling motions. The investigation
also considered the influence of artificial pulses and examined the effect of pulse
characteristics on the system. The study observed that the presence of pulses in NF
excitations induces significant seismic demands on LRB isolated building. Further-
more, pulses with fling step effects exhibit larger responses in superstructure and
isolator compared with those with forward directivity characteristics. More research
is needed to investigate the impact of directivity and fling motions observed in NF
earthquakes.

Several researches have been conducted to examine the behaviour of LRB isolated
buildings under FF and NF seismic excitations, limited studies have been done on
directivity and fling motions. However, the influence of building’s response on pulse
characteristics of directivity and fling effects are not explored to the best of authors’
knowledge by using FPS. A total of fifteen numbers of ground motion records are
considered in this study, which includes three different categories of excitations,
namely FF and NF with directivity and fling seismic excitations. Under each cate-
gory, five earthquake records are considered with which the time history response
of the structure and isolator is evaluated. Furthermore, a parametric investigation is
performed by varying different values of the frictional coefficient and time period of
the isolator to assess the response behaviour of isolated building under these earth-
quakes. The findings reveal that certain values of frictional coefficient mitigate the
acceleration of the superstructure and improve its isolation efficiency. Consequently,
the parameters such as frictional coefficient in FPS are taken as design variables
in order to conduct gradient-based optimization of top storey acceleration as an
objective function.

2 Seismic Response Evaluation of Building Using FPS
Isolation System

Figure 1a depicts the multi-storey building frame implemented on the FPS as base
isolator. The governing equations of an N-storey superstructure under ground motion
Z, can be represented in matrix form as

[MZ} + [CHz) + [K (2} = —[M{r}(Z + 2b), (D

where [M], [K] and [C] are the matrices of size N x N representing the super-
structure’s mass, stiffness and damping, respectively. Here {z} = {z; 22 z3 .. cza)’
represents the displacement vector that contains the lateral displacement of each
storey with respect to the isolator, Zj is the isolator mass acceleration and Z, is the
acceleration of ground motion.

The governing isolator mass equation (Fig. 1b) is given as follows:
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Fig. 1 a Flexible building with FPS; b Mechanical model of FPS; ¢ Hysteresis cycle of FPS

mpZp + Fp — c121 — k121 = —mpZg, (2)

where k) indicates stiffness and ¢, signifies damping of the building’s first storey,
respectively, m,, is the base mass and F', is the lateral resisting force mobilized in
the FPS. The term F, in the FPS base isolated system is expressed as

Fy = kpzp + F, 3)

in which k;, refers to the lateral stiffness of the FPS and given as k, = W/R, where
W denotes weight sustained by the isolators and R signifies the radius of spherical
surface. F, denotes the friction force generated at the sliding interface and expressed
as F, = puWZ, where u represents coefficient of friction of FPS and Z is a non-
dimensional parameter given as Z = sgn(z;), , where sgn(-) is the signum function.
By combining Egs. (2) and (3), the adjusted isolator equation given as

mpZp + kpzp + Fx — 121 — k121 = —mpZg. 4)

The fundamental time period of the isolated structure, 7, = 27w +/R/g, which
corresponds to the pendulum component, is associated only with the curvature of
the spherical surface and is independent of superstructure mass. Consequently, the
governing Egs. (1) and (4) are solved using Newmark’s beta method and analyzed
in the MATLAB computer program.
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3 Numerical Study

In this study, linear five-storey shear building is analyzed using FPS as a base isolator.
For simplicity, damping ratio, mass (m;) and stiffness (k;) of all the floors are kept
identical. The structural properties examined in this study are time period of super-
structure (7'y) and structural damping ratio (&;) taken as 0.5 s and 2%, respectively.
The isolator properties are taken as u = 0.05 and T, = 2.5 s. For this analysis,
15 number of actual ground motion records are sourced from PEER strong motion
database as given in Table 1 with relevant peak ground velocity (PGV) and peak
ground acceleration.

Figure 2a—c depicts a top storey acceleration response of FPS isolated for FF
ground motion (Beverly hills), directivity motion (Elcentro array #5) and fling motion
(TCUO068), respectively. The maximum top storey accelerations of the building are
0.39, 0.53 and 0.93 g for FF (GM-5), forward directivity (GM-6) and fling step
(GM-15), respectively. Furthermore, compared with forward directivity motions, the
records of fling motion exhibit higher values of acceleration. Due to the influence
of the velocity pulse period, the NF earthquakes mostly impose higher accelerations
than FF earthquakes.

A typical isolator response for FF ground motion (GM-5), directivity motion (GM-
6) and fling step (GM-15), respectively, are depicted in Fig. 3a—c. It can be noticed

Table 1 Real earthquake data

S. No: I Year I Earthquake PGA (g) PGV (cm/s)
Far fault data

1 1940 El Centro (GM-1) 0.318 22

2 1952 Taft Lincoln school (GM-2) 0.18 17

3 1983 Parkfield (GM-3) 0.27 32

4 1992 Baker fire (GM-4) 0.12 9

5 1994 Beverly hills (GM-5) 0.42 56
Near fault data with directivity motion

1 1979 El Centro array # 5 (GM-6) 0.38 100
2 1979 El Centro array # 7 (GM-7) 0.46 113

3 1987 Parachute test site (GM-8) 0.43 135
4 1994 Rinaldi (GM-9) 0.87 173

5 1994 Sylmar converter (GM-10) 0.85 117
Near fault data with fling motion

1 1999 Izmit (GM-11) 0.23 40

2 1999 TCU072 (GM-12) 0.47 80

3 1999 TCU067 (GM-13) 0.49 95

4 1999 TCUO052 (GM-14) 0.36 153.2
5 1999 TCUO068 (GM-15) 0.51 247.3
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Fig. 2 Top storey acceleration of FPS isolated building under a FF ground motion (GM-5); b NF
with directivity motion (GM-6); ¢ NF with fling motion (GM-15)
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Fig. 3 Isolator displacement of FPS isolated building under a FF ground motion (GM-5); b NF
with directivity motion (GM-6); ¢ NF with fling motion (GM-15)

from Fig. 3b, c that fling step and forward directivity earthquakes induce significant
displacement demand. The maximum isolator displacement increases by 2.6 times
for directivity motion and 5.77 times for fling motion compared with FF ground
motion. Even though the NF ground motion with directivity effect (0.38 g, GM-6)
has less PGA value than FF ground motion (0.42 g, GM-5), it imparts significantly
higher demands in NF earthquakes due to inherent velocity pulses.

For this study, the maximum acceleration at the top storey and bearing displace-
ment are conducted by changing different frictional coefficient values considering
different FF earthquakes (GM-1 to GM-5), NF with directivity effect (GM-6 to GM-
10) and NF with fling motion (GM-11 to GM-15). The individual responses within
each category are combined to obtain the average responses, as illustrated by the
bold line in the respective figures.

Figures 4 and 5 as a whole show the impact of frictional coefficient on the perfor-
mance of FPS system. The frictional coefficient substantially impacts the response
as it causes the energy to be dissipated through coulomb damping. The variation of
top storey acceleration against the coefficient of friction is depicted in Fig. 4a—c. In
contrast, Fig. Sa—c depicts the variation of bearing displacement against coefficient
of friction for various FF and NF with directivity and fling step seismic excita-
tions, which shows the effect of frictional coefficient ranging from 0.01 to 0.20.
It can be observed in Fig. 4 that as the frictional coefficient increases, the average
top storey acceleration initially decreases and reaches a minimal value, and subse-
quently increases, in contrast the displacement in the isolator decreases (as shown in
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Fig. 5) as the coefficient of friction increases for various earthquakes. By increasing
the frictional coefficient values in the isolation system restricts mobility and leads to
higher seismic energy entering the superstructure. However, FF ground motion is less
sensitive than NF with directivity and fling motions due to large seismic demands.

4 Optimization of FPS Isolation System

The FPS isolated building has some particular coefficient of friction values that
minimizes superstructure accelerations and improves its isolation efficiency. For
this, gradient-based optimization technique is used to solve optimal parameter such
as coefficient of friction that is taken as design variable of FPS isolation system. It is
worth noting that the objective function for FPS system corresponds to minimization
of top storey accelerations.

For varying levels of isolator time period, the optimized values of acceleration
and corresponding frictional coefficient are shown in Fig. 6a—c for different FF and
NF excitations, considering directivity and fling motions. It can be found that the
optimal parameter of frictional coefficient value increases with the increasing isola-
tion time period of FPS isolation system. To prevent additional bearing displacement
the frictional coefficient must be increased. Consequently, as the isolator time period
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increases, the top storey acceleration reduces and the isolator displacement increases.
The mean of top storey acceleration and bearing displacement for NF with directivity
motion impose, respectively, about 49 and 73% higher demands than those of FF
ground motions and for NF with fling motion are 59 and 85% higher demands than FF
ground motions for varying isolator time period. Figure 7a, b depicts the optimized
values of acceleration and corresponding frictional coefficients by varying super-
structure flexibilities, as well as the corresponding bearing displacement as shown
in Fig. 7c. The findings indicate that the time period of superstructure increases, and
the optimal frictional resistance decreases because lower values of frictional coeffi-
cients are required to maintain to keep efficiency of the isolation system. Thus, the top
storey acceleration increases and the bearing displacement decreases with increasing
values of superstructure flexibilities. From the results, the mean of top storey acceler-
ation and bearing displacement for NF with directivity motion impose, respectively,
about 42% and 75% higher demands than those of FF ground motions and for NF
with fling motion are 63% and 83% higher demands than FF ground motions for
different levels of superstructure flexibilities. As NF excitation involves pulses with
a substantial release of seismic energy in short duration, resulting in higher seismic
demands than FF excitations. However, FPS isolated building subjected to fling step
effect achieves significant bearing displacement than directivity effect. This is due
to the fling step that typically characterizes a unidirectional velocity pulse of large
amplitude and produces a monotonic step in its time domain displacements. Thus,
the large residual ground displacements corresponding with rupture mechanism are
caused by these monotonic steps.

5 Conclusions

This study examines the efficacy of FPS in reducing the seismic response of isolated
building during FF and NF excitations considering fling step and directivity effects.
The study conducts a parametric investigation and optimal analysis to access the
influence of FPS parameters on building responses. Comparative evaluation of FPS
isolated building to FF and NF with directivity and fling motions is carried out to
emphasize its relative importance. From this study, the response parameters of the
isolated building under each NF excitations are much higher than those under corre-
sponding FF excitations. Despite having a smaller PGA value for NF excitations
than FF excitations, the top acceleration and bearing displacement amplify signif-
icantly due to directivity and fling motions. As the frictional coefficient increases,
larger seismic loads are transmitted to the superstructure through frictional action,
resulting in an increase in top storey acceleration, whereas the bearing displacement
decreases. The optimum frictional coefficient decreases and increases with increasing
structural time period as well as isolator time periods, respectively, but the differences
remain relatively consistent for all FF and NF considering fling step and directivity
ground motions. Even though the top storey acceleration values under directivity
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Fig. 6 Optimal a frictional coefficient, b top storey acceleration, ¢ bearing displacement against
time period of isolator for all FF and NF with directivity and fling step earthquake data

effect are lower than fling step effect, the disparities between them are not substan-
tial for different levels of structural and isolator time periods. However, the impact of
directivity effect on the reductions in bearing displacement are less pronounced than
fling step effect, as the structural and isolator time periods increase. The demands in
the above response quantities are considerably higher than FF ground motions, indi-
cating that FPS isolation system induce significant bearing displacement, and thereby
the FPS isolators are severely damaged, especially under NF with fling step effects
have been purposely neglected. Thus, employing an optimized FPS isolation system
can improve the building’s response over FPS system without optimization subjected
to FF and NF, considering directivity and fling step seismic ground motions. In partic-
ular, some caution is required in designing the FPS isolation system, especially when
the structure is subjected to fling step pulses.
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Flexural Behaviour of Cold-Formed Steel | m)
Built-Up Beams Using Sigma L
and Channel Sections

C. Manoj Kumaar, Venus David Rayan, K. Govarthini, Nemat Bano,
Marnadu Dinesh Kumar, and M. Saran Kumar

1 Introduction

Steel plates, sheets, and strips are frequently used to create cold-formed steel struc-
tural elements. The material is rolled and bent at room temperature to create the
desired forms and shapes. In building structures, floor decks, wall panels, and steel
wall studs are constructed using cold-formed steel material. The most commonly
adopted shapes for beams are I, channel, Zed, and hat sections. Apart from building
construction, cold-formed steel members are also utilized to construct grain bins,
automobile bodies, and storage racks. The green material, cold-formed steel, is made
up of 67% recycled materials, and it is 100% recyclable and reusable. The strength
of cold-formed steel sections is 20% more than that of hot-rolled steel sections [1].
The non-combustible and strong cold-formed steel has longer durability to endure
structural damage from fire accidents and natural calamities including earthquakes,
cyclones, and heavy rainfall and snowfall. Cost-effectiveness as per the study lumber
costincreases 60% in 2021 and cold-formed cost increases only 20%. So cold-formed
steel is cost-effective for building or other structures compared to other materials. A
comprehensive study was carried out to analyse the flexural strength of box sections.
The research involved conducting a series of experimental and analytical tests on
a total of 30 specimens. The tests focused on evaluating factors such as the yield
strength of cold-rolled steel, screw spacing, and the application of two different
types of loads. Based on the findings, the researchers concluded that the existing
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design practices might overestimate the flexural strength of cold-formed steel (CFS)
built-up box sections [2].

The flexural strength and buckling behaviour of cold-formed steel C-section
is greatly influenced by edge stiffeners [3]. The cold-formed steel (CFS) sections
are widely used nowadays due to their high strength-to-weight ratio, rigidity, recy-
clability, homogeneity, smoothness, aesthetic appearance, and ease of production of
the lightweight materials. The past few decades have shown increased number of
studies on the structural behaviour of cold-formed steel (CFS) beams [4]. One of
the most intriguing and challenging topics in the research area is the interaction of
instability phenomena, such as local, distortional, and lateral-torsional buckling [5].

The experiment involved seven different types of specimens, including single
beams and built-up beams that were subjected to bending around both strong and
weak axes. The built-up box beam components were able to withstand the bending
moment integrally, thanks to the stress distribution at the mid-span cross-section. A
numerical study was conducted on cold-formed T-shaped built-up steel sections [6]
to establish a significant correlation between the moment carrying capacity, failure
mechanisms identified through finite element analysis, and experimental results.
To assess the bending strength, a validated finite element model was utilized by
varying the thickness and length. A study was undertaken to examine the compressive
and flexural behaviour of steel sections, comparing those with and without lips.
Through a comparison of analytical and experimental results, the author concluded
that the inclusion of a cover plate, enhancement of edge stiffness, and an increase
in the overall beam depth led to a substantial 22% increase in the ultimate load-
carrying capacity. Furthermore, it was observed that the presence of lips on the section
effectively controlled local flange buckling [7]. These built-up sections frequently
serve as members in steel trusses, space frames, and portal frames. Fasteners such as
screws, bolts, welds, and clinches are commonly used to attach the components of
these built-up sections. In the case of back-to-back built-up CFS channel sections [8],
individual channel sections are secured from buckling in the longitudinal direction
by intermediate screw fasteners.

Cold-formed steel beams with three different cross-sectional shapes, namely
lipped channels, zed sections, and hat sections, were tested and exhibited distor-
tional failure modes when subjected to uniform bending. Additionally, cold-formed
steel I-beams with hollow tubular flanges were prepared and subjected to four-point
bending tests [9]. In a recent study examining the flexural behaviour of channel
and I sections, researchers found that the addition of angle stiffness resulted in a
remarkable 90% increase in the load-carrying capacity [10].
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Table 1 Properties of sigma sections

Specimen Units SSBB SSTT MSBB MSTT
Height, H mm 240 240 240 240
Upper flange height, A mm 60 60 60 60
Lower flange height, B mm 60 60 40 40
Upper lip width, C mm 16 16 16 16
Lower lip width, C; mm 16 16 16 16
Connection surface, E mm 65 65 65 E| =65
E, =45
Bending, F mm 15 15 15 Fi =21
Fy =
Depth, G mm 25 25 25 Gy =35
Gy, =15
Thickness, ¢ mm 2 2 2 2

2 Materials and Methods

2.1 Geometrical Properties of Sections Used

All specimens were created using sigma sections adhering to TS EN 1993-1-3, and
their geometrical properties are mentioned in Table 1. Figure 1 shows the cross-
section of a typical sigma section.

The chemical properties of cold-rolled steel sheet of grade CR2 are given in
accordance with IS 513:2008 in Table 2. Figure 2 shows the cross-sectional views
of all four specimens.

2.2 Modelling of Beam Sections Using Abaqus Software

All the beam sections are modelled in Abaqus CAE. The cold-formed built-up
beams employs two channels and two sigma sections in four different forms,
namely symmetric sigma sections connected back-to-back (SSBB), symmetric sigma
sections connected toe-to-toe (SSTT), mono-symmetric sigma sections connected
back-to-back (MSBB), and mono-symmetric sigma sections connected toe-to-toe
(MSTT) (see Fig. 3). The plasticity and elasticity of the material should be included
in the geometry of the deformable-shell-extrusion, and by assigning the section, the
model will be established and ran for analysis by giving boundary conditions and
appropriate loads.
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Fig. 1 Cross-section of a
typical sigma section
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Table 2 Chemical . .
composition of CR2 Chemical constituent %
Carbon 0.7
Manganese 0.5
Phosphorus 0.4
Silicon 0.05

2.3 Material Property

A coupon test was carried out in order to determine the tensile properties of the steel
used. The dimensions of steel coupon as shown in Fig. 4 are referred from ASTM-ES
[11]. The test results are listed in Table 3. The failure was observed in the web portion
of the coupon as shown in Fig. 5. The stress-strain curve for a steel coupon is shown
in Fig. 6.
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Fig. 2 Cross-section views. a SSBB, b MSTT, ¢ SSTT, d MSBB

2.4 Modelling of Material

The sheets used to build the steel section are taken as solid parts in Abaqus. Each
specimen was assigned with pinned support and roller support at a distance of 50 mm
from each end. The load points are fixed at one-third spans from either support (See
Fig. 7). The elastic modulus and Poisson’s ratio are assigned as 200 GPa and 0.3,
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(a) SSBB (b) SSTT
(c) MSBB (d) MSTT

Fig. 3 Geometry of section. a SSBB, b SSTT, ¢ MSBB, d SSTT

Fig. 4 Coupon dimensions 8 1!! 2 10 80

e SN s
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@) 300
’t{;?ll:leei)r:;z; ;Z:u;;scolgs Tensile property Observed value
Load at yield 6.154 kN
Elongation at yield 2.686 mm
Yield stress 205.15 N/mm?
Load at peak 10.384 kN
Elongation at peak 32.942 mm
Tensile strength 346.117 N/mm?
Load at peak 8.658 kN
Elongation at peak 42.533 kN
Breaking strength 288.583 N/mm?
% Reduction area 35.20%
% Elongation 32.94%

Fig. 5 Tensile testing strip
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Fig. 6 Stress versus strain 400 5 y
curve for CFS obtained from
coupon test
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Fig. 7 Abaqus model for
control beams

respectively. Then, the models are conducted with finite element analysis [12]. The
buckling modes of the beams and the eigenvalues obtained from linear analysis are
used to compute load versus deflection curve.

2.5 Mesh Optimization

A mesh size of 20 mm x 20 mm was finally optimized and adopted to create 1200
and 900 elements in sigma and channel sections respectively, as shown in Fig. 8.
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Fig. 8 Finite element model
of SSBB

2.6 Interaction Contact Modelling

The connection between the web of channel section and flanges of the sigma sections
and connection between the two sigma sections were established using “surface to
surface” contact option (see Fig. 9). The stiffness was observed to be 100 KN/m, and
the coefficient of friction was observed as 0.2 [13].

Fig. 9 Assigning
surface-to-surface contact
modelling
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2.7 Numerical Results

The deformations and stress concentration diagrams for all sections are shown in
Figs. 10 and 11.

Fig. 10 Total deformation
diagram e
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Fig. 11 Stress concentration
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(a) SSBB

(b) MSBB

(¢) MSTT

(d) SSTT

Among all sections, SSBB has exhibited maximum stress concentration with
larger deformations due to combining the webs, the shear transfer was quite easy
and SSTT has exhibited least stress concentration with smaller deformations due to

wider space between the webs.
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3 Experimental Results

3.1 Fabrication

The IS 513 CR2 sheets of size 1200 mm x 2500 mm x 2 mm are cut and joined
using tungsten inert gas (TIG) to fabricate all four beams [14]. The channel and
sigma sections are connected using plug weld by created holes of diameter 5 mm
at a pitch distance of 75 mm across the span. After the process of fabrication, the
specimens are painted for the aesthetic look and undergone testing of specimen in
loading frame, by applying the load the deformed structure of beams were clearly
shown in Fig. 12.

(¢) SSTT (d) MSTT

Fig. 12 Deformed sections
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Fig. 13 Comparison of experimental and analytical results of SSBB, SSTT, MSBB, and MSTT

Table 4 Strength/weight ratio

Beams Maximum load (kN) Weight (kN) Strength/weight ratio
MSBB 7.45 0.222687 33.45503
SSTT 5.75 0.242601 23.70144
MSTT 13.3 0.221608 60.01591
SSBB 18.2 0.242601 75.02021

4 Results and Discussions

4.1 Comparison of Experimental and Analytical Results

The load versus deflection curves for all the specimen obtained from experimental and
analytical methods shown in Fig. 13 and the strength/weight ratio for all specimens
are calculated as given in Table 4. The maximum load-carrying capacity has been
analysed with respect to maximum permissible limit of span/325 as specified in IS
800-2007.

4.2 Discussion

All the beams were tested up to considerable formation of local buckling. However,
the beams are compared by the load-carrying capacities with respect to permissible
limit of vertical deflection as per IS 800:2007 [15]. In both experimental and analyt-
ical results, the load versus deflection curve is plotted up to permissible deflection of
span/325. The mass of SSBB is 8.21% higher than that of MSBB, and it carried more
load than MSBB by 144% as MSBB failed predominantly due to lateral buckling,
which did not occur in SSBB. Even though the mass of MSTT is 8.65% lower than
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that of SSTT, it carried more load than SSTT by 131% because of its deeper middle
portion of web. The SSBB beam carried more load than SSTT by 216% having same
mass due to combined action of web plates. Bulging and separation of web portion
of sigma section has been observed as local buckling failure in SSBB. In MSBB,
bulging of sigma section occurred along with the lateral distortional buckling in the
top flange. With mass being constant, MSTT beam carried load more than that of
MSBB by 78%. This is due to the opening of sigma sections in the box region of
MSBB.

Provision of vertical stiffeners connecting the top and bottom flanges can able to
resist the lateral distortion in MSBB and SSBB. In these sections, the load-carrying
capacity can be further increased by providing spot welding along the top and bottom
portions of webs. However, horizontal stiffeners can be provided in the tension and
compression zones by connecting the webs of sigma sections in SSTT and MSTT
to prevent the lateral-torsional buckling. The most economic section in terms of
strength/weight ratio is SSBB, and the second most economic section is MSTT.

5 Conclusion

The structural behaviour of cold-formed, thin-walled closed built-up beams, which
consists of sigma sections and channel sections was investigated to identify the most
economic sections with respecting to load-carrying capacity under flexural action.
The comparison showed good agreement between the analytical and experimental
results for both buckling and load—deflection curves. The results of this study showed
that two-channel sectional beams and two sigma sections can be employed success-
fully in applications such as primary and secondary beams. The findings dictate that
the thickness of the web, strength-to-weight ratio, and degree of welding have a signif-
icant impact on the structural behaviour of built-up sections. In comparison with the
SSTT and MSBB specimens, the SSBB and MSTT specimens demonstrated a higher
load bearing capacity, and these can be utilized as primary beams in structures. Also,
SSBB is found to be the most cost-effective section in terms of strength-to-weight
ratio, MSTT is the second most cost-effective segment despite having a 36.8% lower
load-carrying capacity. MSTT can be used as secondary beams in structures.
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Evaluation of Surface-Coated Recycled )
Coarse Aggregate in Concrete Using oo
Alccofine

J. Rajprasad, Akshaya ram, and Jeeva Prasanth

1 Introduction

Concrete is a crucial material in the construction industry, but many countries face
scarcity in natural resources. To address this issue, recycling materials is important,
and recycled aggregate concrete (RAC) has gained global attention for its environ-
mental benefits [1]. RAC is made from recycled concrete aggregate (RA), which has
been extensively studied, but its mechanical and durability characteristics fall short
of those of natural aggregate concrete (NAC). However, using RA reduces the cost
of aggregate, decreases excessive construction and demolition wastes, and preserves
landfill space [2]. One major drawback of RA is its high porosity, which can absorb
up to 4-6% water depending on the aggregate’s nature and age. Simple and cost-
effective coating techniques are used to overcome this hurdle, such as treating the
coarse aggregate with alccofine-1203 (AF), a micro-fine material that fills the pores
with glass particles or processed GGBS, hindering the flow of water. Preliminary tests
showed that surface-treated recycled coarse aggregate has half the water absorption
of untreated recycled aggregate [2]. Various strategies have been proposed to enhance
RAC function, with the surface treatment of RA receiving the most attention. The
authors of existing literature have suggested treating RA with pozzolanic materials,
such as cement, cement with fly ash, and silica fume, which can react with the calcium
hydroxide in old mortar to generate C-S-H gels, improving the strength and durability
properties of RAC [4, 5]. Surface-treating RA in a cementitious slurry containing
nano-silica and nano-CaCOj; can greatly increase the mechanical performance of
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RAC [8]. This study focuses on enhancing the properties of recycled aggregate by
surface treating it using alccofine-1203-AF to improve the mechanical properties
of concrete. Various mechanical properties tests were conducted, and their results
were compared with conventional concrete and untreated recycled aggregate concrete
mixes [11]. Alccofine coating on recycled coarse aggregate increases its strength by
filling in the pores and voids, reducing porosity and increasing density. This reduc-
tion in porosity leads to an increase in compressive strength, making it more suitable
for construction applications where strength is critical [9]. Alccofine also contains
silica fume, a highly reactive pozzolanic material that reacts with calcium hydroxide
to form additional calcium silicate hydrate (CSH) gel, improving the mechanical
and chemical bonds between the cement paste and aggregate particles. Therefore,
the combination of reduced porosity and increased pozzolanic reaction contributes
to the increased strength of recycled aggregate coated with alccofine [13].

1.1 Literatures Study

Zhang et al. [10], the purpose of this research is to discover an effective microbial
carbonate precipitation technique for altering RA and to investigate the impact of
RA on the properties of RAC. Laboratory made concrete cubes were first created as
model RA to assess the efficacy of various precipitation operations, keeping calcium
source addition techniques and rotating treatment methods into account. Based on the
results of the tests, an effective precipitation technique was proposed. Second, the RA
from factories was adjusted before being molded into concrete using the indicated
precipitation technique. Because biomodification improved the microhardness of the
interfacial transition zones, the RAC had a higher compressive strength.

Kavussi, RCA is being considered as a viable replacement for CA in asphalt
formulations. Regardless of some contradictory findings, RCA treatment is expected
to greatly improve the overall quality of recycled asphalt mixtures. In this inves-
tigation, coarse RCA materials were subjected to two treatments to improve their
properties. The RCAs were treated by soaking them in HCI and then impregnating
them using calcium metasilicate (CM). The pores of the RCAs contained CM parti-
cles. When virgin aggregates with varied quantities of coarse RCA materials were
replaced for HMA in indirect tensile fatigue test (ITFT), the tensile properties of
the mixes improved. The treatments made the mixtures less sensitive to moisture.
The advantages were primarily linked to RCA materials’ lower water absorption. The
morphological parameters of the treated-coarse RCA materials were also determined
using SEM (scanning electron microscopy) images.

Prasad et al., a unique bio-deposition process was utilized in this work to improve
the properties of RCA. The experimental investigation was conducted in two stages.
First, the physical properties of the bio-deposition-treated RCA, which includes as
crushing value, crushing value, density and water absorption were determined. Then,
it was determined how easily workable, water-absorbing, and compressive treated
RCA mortars were. RCA treatment versus untreated was compared.
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Qiu et al., this paper investigates microbial carbonate precipitation (MCP) as a
novel approach for treating RCA surfaces. The effects of MCP RCA were investi-
gated. MCP levels were shown to peak at pH 9.5 and increase with bacterial concen-
tration, calcium content, or increasing temperature. Improved MCP on RCA can be
created by properly managing the culture and precipitating conditions. The results
reveal that MCP can be used to change the surface of RCA, as evidenced by the rise
in mass and decreases in water absorption.

Santos, because of the material’s high porosity, this study intends to analyze the
properties of D&CW recycled aggregates treated with a silane-based water repellent
agent in three separate ways: (a) immersion, (b) sprinkling, and (c) dripping. Wetta-
bility and water absorption were discovered by measuring apparent contact angles,
evaluating water absorption following 24 h of saturation (standard approach), and
recording the variance of immersed mass over a 24-h period. All treatments made
it feasible to reduce water absorption and its dynamics. The treatment’s outcomes
were consistently hydrophobic, as evidenced by contact angle measurements. When
the various techniques were compared, immersion yielded the best results regarding
both measurement variability and absolute findings.

2 Materials

Materials of good quality are essential to create a concrete without any honeycombs,
pores, and air voids. The procurement of material plays an important role and affects
the strength and durability of concrete.

2.1 Cement

As per 12269:2013, OPC 53 grade cement was used, with a specific gravity of 3.15
and a surface area of 225 m?/kg. Tables 1 and 2 demonstrate the chemical composition
and characteristics of cement. Cement with a proper chemical composition provides
greater binding between particles, which is vital in building concrete durability and
strength.

2.2 Alccofine-1203

Conventional Aggregate (CA)

In this research study, crushed stones with a specific gravity of 2.67 and a size between
10 and 20 mm were employed as coarse aggregates.
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Table 1 Constituents of -
cement Constituents Percentage
NayO—sodium oxide 0.47
Al,O3—alumina 4.57
Cao—calcium oxide 68.64
SOz—sulfur trioxide 3.14
MgO—magnesium oxide 1.39
Fe,O3—iron oxide 1.21
Si0,—silica 19.35
Other oxides 1.23
Table 2 Properties of cement Constituents Result
Consistency 33%
Fineness 4%
Specific gravity 3.06
Initial setting 42 min
Final setting 133 n

M-Sand

M-sand with a specific gravity of 2.76 was utilized as the finer aggregate. M-sand is
made by crushing hard granite rocks into fine particles and is a manufactured sand
that is eco-friendly and cost-effective, unlike naturally occurring river sand extracted
from riverbeds.

Recycled Coarse Aggregate (RCA)

The RA was sourced from a wrecked residential structure in Chennai’s West
Mambalam. The aggregate obtained had a specific gravity value of 2.78 and was
crushed to the necessary particle size of 10-20 mm. RA is created by crushing and
sorting construction waste, such as concrete, brick, and asphalt, into sizes that are
appropriate for use in new construction projects. This process of reusing construction
materials is commonly referred to as RA.

The water absorption characteristics of both conventional and RAs were investi-
gated by submerging three kilograms of oven-cooked aggregates in water for 24 h,
as given in Table 3. After averaging the findings of three studies, it was observed
that RA exhibits greater capacity to absorb water compared to surface and native
treated aggregates. The most crucial aspects were the adhering mortar and the source
of RA’s improved water absorption capacity (Fig. 1).

The addition of alccofine to RA enhanced test findings. The study discovered that
RA absorbs more water than native aggregate, so it’s best to employ it in a fully
saturated state of dryness for concrete preparation. This can be accomplished by
wetting coarse aggregate particles and then drying the surfaces. Concrete waste is
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Description Aggregate Aggregate (Recycled) Aggregate (Surface
(Conventional) coated)

Specific gravity 2.67 2.78 2.8

Impact value, % 8.5 12.6 9.6

Abrasion, % 30 45 37

Water absorption, % 2.5 5.48 4.7

Crushing value, % 25 38 32

Fig. 1 Recycled aggregate

collected from the site, manually hammered to remove cement mortar, and fed into a
jaw crusher for initial crushing. The fragments detained from the crusher vary from
10 to 50 mm. They are then further crushed using an impact crusher to achieve a size
of 10-21.5 mm. The resulting conventional is used for casting the concrete. ASTM
C33 sets a 50% limit for crushing and impact values for concrete aggregates made
of gravel, crushed gravel, and crushed stone. Testing showed that CA had a crushing
value of 22%, while RA had 38%. RA also had higher impact and abrasion values
(34% and 41%, respectively) compared to CA (15% and 25%, respectively). RA of
size 10-21.3 mm. However, treating the RA with alccofine improved its strength,
with a 30% increase in crushing value and 30% and 33% improvements in impact
resistance and abrasion value, respectively, over run treated RA. It is clear that the
quality of RA is inferior to that of CA.

Mixing Approaches

Two surface mixes of aggregate were involved. Trail A involved adding RA to an
alccofine mortar with a water—alccofine ratio of 0.8, while Trail B used a ratio of 0.6.
Both mixes were created using a 40 kg pan mixer. In each mix, the initial half of the
water used for mixing (W) was mixed for 100 s with alccofine (AF) to generate a
slurry which had a water—binder ratio. The RA was then stirred into the slurry for
one hundred seconds in order to coat the RA surfaces. The coated aggregates were
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surface-dried for 48 h before use in concrete in a saturated surface dry condition
(SSD). For Trail B, the total water—binder ratio was kept constant at 0.6 throughout
the coating process. Trail B exhibited superior surface coating on the RA compared
to Trail A. The coated aggregate look slight gray in color.

Concrete Mixture

Four separate types of concrete mixtures were made utilizing both surface-treated
recycled material and M25 graded RA. These mixtures were then compared to
conventional concrete. The labels RCA-100, RCA-75, RCA-50, and RCA-25 indi-
cate RA concrete compositions with replacement amounts of 100%, 75%, 50%,
and 25%, respectively. Similarly, surface-coated recycled aggregate (SCRA)-100,
SCRA-75, SCRA-50, and SCRA-25 denotes concrete mixtures with surface-coated
recycled-aggregate replacement levels of 100%, 75%, 50%, and 25%. Finally, TC
denotes traditional concrete. The varying blended proportions were given in Tables 4
and 5. The above mixed designs were designed according to 1S10262:2009. The
concretes were cast into mold for the ages 3, 7, and 28.

Specimen Preparation

The specimens are mixed using mixing equipment with a maximum weight of 100 kg.
The coarse aggregate and small aggregates are mixed for 1 min to begin the operation.
The mixture is then stirred for another minute with a water—cement ratio of 0.49
retained throughout the specimen production process. Finally, the amount that’s
required of water is progressively incorporated into the mixture and stirred for 5 min.
Before the concrete was cast into the molds, the molds were oiled or greased. Within
10 min, the mixes of concrete are cast into molds, and the surface of the concrete is

Table 4 Proportions of traditional concrete and recycled coarse aggregate concrete

Constituents (kg/m?) TC RCA-25 RCA-50 RCA-75 RCA-100
Cement 383 383 383 383 383
Water 191 191 191 191 191

Fine aggregate 636 636 636 636 636
Coarse aggregate 118 886.5 591 295.5 0
Recycle aggregate 0 295.5 591 886.5 1182

Table 5 Mix proportion of surface-coated recycled aggregate concrete

Constituents (kg/m?) SCRA-25 | SCRA-50 | SCRA-75 |SCRA-100
Cement 383 383 383 383

Water 191 191 191 191

Fine aggregate 636 636 636 636
Coarse aggregate 886.5 591 295.5 0
Surface-coated recycled aggregate (SCRA) |295.5 591 886.5 1182
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smoothed and leveled with a trowel or float. During this operation, make sure that
any extra concrete has been removed off at top of the mold. To keep the concrete
from air drying out too rapidly, wrap it with a sheet of plastic or keep it in a humid
environment. Moreover, it is essential to let the concrete cure for 24 h by placing the
concrete in curing tank. Prior to testing, the samples are removed from the curing tank
and dried to prevent damage; the sample should be managed with care. Tests can be
done on the finished concrete specimen to determine its durability, tensile strength,
and compressive strength. These tests are crucial to make sure that the concrete used
in a construction project will be strong enough to meet the project’s requirements
and be able to resist the environmental conditions it will be exposed to. The material
was batched prior to the casting and aggregates undergone various tests listed above.
The mortar should be compacted properly into the mold to avoid any honeycombs
and voids which might affect the durability and strength of the concrete.

3 Results and Discussion

Slump Cone Test

The value of the slump for conventional concrete was 40 mm, and the slump values
for 100%, 75%, 50%, and 25% CA replacement were 20 mm, 25 mm, 30 mm, and
35 mm, respectively. The increased water absorption of RA causes a decreasing
slump when replacing natural material. When compared to RAC, the slump values
of surface-coated aggregate concrete were 25, 35, 40, and 45 mm. This is due to the
low water absorption of SCRA. It is due to the low porosity of the aggregate due its
surface treatment the pores are filled with alccofine and hinders the capillary action
inside the aggregate, whereas the in RA and harsh surface and some of the old mortar
present in its surface poses more water and increases the water absorption. The high-
water absorption due to its uneven surface reduces the binding properties with the
binding materials. There is an increase in SCR25 compared with RC25 by 28.5%;
comparing the SCR50 and RC50, there is an increase of 33.3%, and for SCR75 and
SCR100 with RC75 and RC100, there is an increase of 40% and 25%, respectively.
Among all the above values, the SCR25 exhibits superior workability (Fig. 2).

Compression Test

The study’s findings are given in Table 6. In terms of strength, the results show
that surface-coated aggregate concrete surpasses both traditional mixed and RAC.
SCR100, SCR75, SCR50, and SCR25 compressive strengths are 29.4, 31.3, 33.6,
and 34.5 (N/mmz), while RC100, RC75, RC50, and RC25 compressive strengths are
18, 20, 22, and 24 (N/rnmz). The compressive strength of conventional concrete is
31.4. SCRA-25 has the highest compressive strength.

Figure 3 displays the compressive strength progression of various combinations
70f RA, SCRA and CA over time. The study showed that lower RAC strength than
CAC regardless of age. The presence of attached mortar in RA was discovered to be
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v r—T 7
TC RC25 RC50  RC75  RCI00 SCRA25 SCRAS0SCRATSSCRAT00

3;‘3:86 Compression test Mix code Compressive strength, N/mm?
3 days 7 days 28 days
TC 12.3 20.2 314
RCA-25 12 19.5 24
RCA-50 15.86 17.8 22
RCA-75 9.76 15.86 20
RCA-100 9.11 14.8 18
SCRA-25 19.76 29.91 345
SCRA-50 18.5 28.44 33.6
SCRA-75 15.59 24.88 313
SCRA-100 14.32 22.04 294

a factor impacting concrete strength, as RAC had 25% lower compressive strength
at 28 days than CAC. When compared to untreated RAC at 28 days, treating the RA
with alccofine improved the surface quality and resulted in a 40% rise in compressive
strength. The strength improvement of treated RAC was found to be good in later

ages.
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Fig. 3 Compression test results

3.1 Split Tensile Test

The tensile strength for SCR25, SCR50, SCR75, and SCR100 are 3.49, 2.89, 2.79,
and 2.71 (N/mm?) and tensile strengths for RC25, RC50, RC75, and RC100 are
2.44,2.34,2.23,and 2.12 (N/mm?) and 2.8 (N/mm?). The tensile strength of surface-
coated RAC exhibits high strength compared to untreated RAC and CAC, from Fig. 4.
Surface-treated RA with alccofine greatly improved tensile strengths of SRC25 and
SRCS50, surpasses the intent value (3.35 N/mm?) at 28 days. RC75 and RC100 had
notably lowered tensile strengths (3.27 and 3.14 N/mm?) compared to SCR75 and
SCR100. At 28 days, SCR75 and SCR 100 had improved tensile strengths by 34.56%
and 38.93% compared with RC75 and RC100, respectively, under the same curing
conditions (Table 7).

3.2 Flexural Test

The flexural strength for SCR25, SCR50, SCR75, and SCR100 are 3.49, 2.89, 2.79,
and 2.71 (N/mm?) and for RC25, RC50, RC75 and RC100 are 2.74, 2.56, 2.43,
and 2.26 and 3.14 (N/mm?) for TC its recorded as 3.28 (N/mm?) from Fig. 5 it
has been discovered as there has been a gain in strength of 27.37 and 33.98% for
SCR25 and SCR50 compared with RC25 and RC50 and for SCR75 and SCR100
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Fig. 4 Split tensile test results
Table 7 Split tensile test Mix code Split tensile, N/mm?
results
3 days 7 days 28 days
TC 1.12 1.68 2.8
RCA-25 0.976 1.464 244
RCA-50 0.936 1.404 2.34
RCA-75 0.892 1.338 2.23
RCA-100 0.848 1.272 2.12
SCRA-25 1.05 1.57 3.49
SCRA-50 1.156 1.734 2.89
SCRA-75 1.116 1.674 2.79
SCRA-100 1.084 1.626 2.71

there is an increase of 34.56% and 38.9 relative to TC75 and RC100. Surface-
treated aggregates exhibit higher flexural strength than untreated aggregates, espe-
cially at 28 days. Alccofine-coated specimens show significant improvements in
flexural strength compared to RC25 and SCR25. Coating RA with alccofine at a 0.6
alccofine—water ratio is recommended, although it is equally effective for traditional
application. Figure 5 shows that SCR25 and SCR50 have the highest flexural strength
at 28 days. The alccofine’s ultra-fine properties exhibit high consistency which leads
to better binding ability leading to adhere well with the aggregate and used for surface
coating the RA.
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Fig. 5 Flexural test results

4 Conclusion

As the world’s population continues to grow, so does the demand for sustainable
building materials. The construction industry has been exploring the use of recycled
materials in the production of concrete. One such material is recycled aggregate,
which is produced by crushing concrete and other construction waste. While recycled
aggregate has been used in construction for some time, there are concerns about its
mechanical properties and durability. To address these concerns, researchers have
been exploring various methods of enhancing the properties of recycled aggregate
concrete. One promising method is the use of surface coatings. Surface coatings can
be used to improve the mechanical properties of concrete by reducing the porosity
of the aggregate, enhancing its bonding with cement paste, and reducing the water
agbsorption of the concrete. One such coating material that has been explored is
alccofine, a type of pozzolanic material that is known for its ability to improve the
strength and durability of concrete. This allowed for a comprehensive assessment
of the mechanical properties of each type of concrete, both with and without the
alccofine coating on the recycled aggregate. The results of the study indicate that
SCRA-25 and SCRA-50 are the optimal mixes for increasing the strength of the
concrete. These mixes were found to be most effective in improving the mechanical
properties of the recycled aggregate concrete when compared to traditional concrete
and non-coated recycled aggregate concrete. This suggests that the use of surface-
coated recycled aggregate can be an effective way of enhancing the properties of
concrete.
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In addition to improving the mechanical properties of concrete, the use of surface-
coated recycled aggregate also has other potential benefits. For example, by treating
the recycled aggregate, the depletion of natural aggregate can be reduced, which is
important given the limited availability of natural resources. Additionally, the use of
recycled aggregate can reduce the amount of waste that is sent to landfills, which is
both cost-effective and environmentally friendly. Another benefit of surface coating
recycled aggregate is that large quantities of the material can be treated with relatively
small amounts of alccofine and water. This is because the coating process is able to
penetrate the aggregate and bind with the cement paste, thereby reducing the amount
of material that is needed. This can make the use of surface-coated recycled aggregate
more cost-effective than other methods of enhancing the properties of concrete.

The use of surface-coated recycled aggregate can also lead to concrete with greater
slump values. Slump refers to the degree to which concrete settles or slumps after
being poured into a mold. A greater slump in value can make it easier to work with
concrete, which is important in construction applications where precise pouring and
leveling are necessary. In the study discussed above, greater slump values were
obtained for the concrete containing the surface-treated recycled aggregate with
alccofine compared to that of untreated aggregate and natural aggregate. Despite the
potential benefits of surface-coated recycled aggregate, there are some challenges
that need to be addressed. One such challenge is the issue of compatibility between
the coating material and the recycled aggregate. The coating material needs to be able
to bond effectively with the aggregate, which can be difficult given the variability in
the size and shape of the aggregate particles. Additionally, there is the potential for
the coating material to negatively impact the workability of the concrete if it is not
applied properly.
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Analysis and Experimental Feasibility )
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Shell Model

Nelson Takhellambam and K. S. Satyanarayanan

1 Introduction

The dome’s design and development were influenced by the arch. The dome has
a hemi-spherical structure by definition. The word ‘dome’ refers to an upward or
outward swelling that forms a roof or ceiling. A dome is a thin shell structure that is
produced when an arc curve revolves around one of its axes. Domes are those kind of
space structures that offer significant net valuable column-free spaces. Culture-wise,
dome architecture has changed, both in terms of its construction and significance.
It served as a crucial building for storage and shelter in antiquity. Architecturally
speaking, it evolved from having basic utilitarian utility for homes and cemeteries to
having symbolic, religious, and artistic value. As a representation of the sky and the
boundless, it took on symbolic and theological significance (Fig. 1).

The study of emulating and mimicking nature for various structural elements to
solve complex human problems is termed as bio-mimicry. Bio-mimics in structures
helps in the flow and adaptation of natural stability and material used strategies and
broadens the design solution space to bring new solutions to the design table.

2 Literature Study

Prabhavati et al. [1] applied the shell theory analysis approach for shell analysis and
working stress method design in accordance with IS 800-2007. Domes are optimized
using the dynamic programming method. Bar charts are used to display the results.
It is possible to create and receive a low-cost design for an RCC dome.
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(b)

Fig.1 Dome structures: a Tomb display of Geodesic dome in Changnyeong, b National Museum
of Brazil

Sharma et al. [2] have gathered, grouped, and displayed scientific data on bio-
mimicry up to this point. Despite the fact that bio-mimicry is a dispersed field,
they also classify the uses of bio-mimicry in various ways. There have also been
discussions about other bio-mimicry gaps, tools, and difficulties.

Saltik et al. [3] have done the experiment on form finding of the shell structure.
TNA method and Rhino Vault plugin were used in the design of the forms. The
Karamba (finite element analysis) plugin converted the produced form into structural
models. The results in the study are focused on deformations related to load. They
also studied the effects of shell when the openings were removed according to the
loads; thus, the weight was reduced and form alternatives were created. The resulting
forms were analysed again, and the structures stayed in the structural safe zone.

Wani et al. [4] have analysed the behaviour and strength of modern-day thin
spherical shell domes made of concrete with and without rib beams using finite
element technique with the help of SAP2000 software. The work consists of the
erection of round domes with a massive diameter of 50, 100, and 150 m with and
without rib beams and a shell thickness of 15 cm.

Gohnert et al. [5] have developed the membrane theory for a catenary dome with
a linear variation in wall thickness. Furthermore, the theory is extended to catenary
domes with an oculus, or a dome with a concentric hole at the apex. A finite element
analysis (FEA) was also performed to determine the accuracy of the proposed theory.

3 Methodology

Various literature papers were studied to understand shape and size of jasmine flower,
about 100 flowers were collected, measured, and their average was taken into consid-
eration for modelling the bio-mimicked shell structure. A pilot model has been devel-
oped using steel wires and analysed in a finite element analysis software (Abaqus V
6.14). Scaled model has been developed comparing the size of jasmine flower with
ferrocement and ring beam; and comparison of the results with the experimental
values has been done.
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4 Dimensioning of Bio-Mimic Scaled Model

Jasmine flower has been considered as it has equivalent distribution of petals as well
as depth of the petals. The jasmine flower resembles a dome structure when it is
inverted. The mean value of D/h ratio is shown in Table 1.

So, the jasmine flower has been selected as a mimicking structure. The sample
was collected from Potheri, Tamil Nadu, during monsoon season (Fig. 2).

Table 1 Dimensions of

bio-mimicked model S. No Diameter (mm) Height (mm) D/h
1 30 8 3.75
2 31 7 443
3 36 4 9.00
4 35 8 4.38
5 34 5 6.80
6 35 5 7.00
7 35 8 4.38
8 35 6 5.83
9 35 6 5.83
10 35 6 5.83
11 35 6 5.83
12 35 6 5.83
13 30 8 3.75
14 35 6 5.83
15 33 7 4.71

Average 5.55
+5%—-5% Mean 5.83

Fig. 2 Flower. a Wild
jasmine flower and
b measurement of flower




106 N. Takhellambam and K. S. Satyanarayanan

5 Pilot Experiment of Shell Model

Pilot model of both conventional dome shell and bio-mimicked jasmine flower dome
shell was made as shown in Fig. 3a, b, respectively. This pilot model has been
developed to bring the idea of jasmine flower shape shell. It has been developed
using the steel wires with the dimension of dome as 15 cm diameter and height
of 4 cm. A member rod has also been attached to take point load for experimental

purpose.

5.1 Testing of Pilot Shell Model

A compressive test has been conducted for the pilot shell model for both conventional
and bio-mimicked shell as shown in Fig. 4a, b, respectively. The test was performed
in order to study the load carrying capacity of the bio-mimicked shape. The failure of
the conventional pilot shell model punches through and for the bio-mimicked pilot
shell, it failed at very small load as there is no steel wire connected at the support
area which will act as a circular beam but in the conventional shell circular wire the
steel wire at the support acted as a circular beam. Therefore, there is no horizontal
displacement. The respective load deflection comparison graph of pilot shell is shown
in Fig. 5.

5.2 Numerical Study of Pilot Model

The analytical study for the pilot model was done using Abaqus V 6.14 as shown in
Fig. 6; steel plate was used to model both conventional dome-shaped structure and
bio-mimicked flower shape, and this particular dome does not include the design and
analysis of ring beam model in it.

Fig. 3 a Conventional pilot
dome and b bio-mimic pilot
shell

(@ (b)
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Fig. 4 Compression test: a conventional dome and b bio-mimic dome

3 { —a— conventional pilot shell
2 —m— biomimick pilot shell

Load (kN)

0 5 10
Deflection (mm)

Fig. 5 Load versus deflection graph of conventional and bio-mimic pilot shell

(a) (b)

Fig. 6 a FEM modelling of conventional dome shell and b bio-mimic flower shell

5.3 Material and Properties of Pilot Shell and Stiffness

Table 2 shows the input parameter used in the FEM software. The thickness was
determined from Stiffness and thickness graph shown in Fig. 7.
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Table 2 Input parameters of Abaqus software for the pilot shell

Description Parameters

Material Steel plate

Dimension Diameter 150 mm
Height 40 mm
Thickness 2 mm

Mesh Type C3d10—a 10 node quadratic tetrahedron
Size 10 mm

Loading Concentrated load of 5-50 kN

Support condition

Roller support

Fig. 7 Stiffness versus

thickness of pilot shell model

Stiffness

5.4 Mesh Optimization

(kN/mm)

1 2 3 4 ] ]

Thickness (mm)

The analysis of conventional dome model was carried out by varying the mesh size
under a constant point load of 10 kN. Finer the mesh the more accurate the results
are; the deflection of the dome is inversely proportional to that of the mesh size
until after a point where there is no change in deflection even there is increase in
mesh size which will be considered as optimum mesh size of the model. There is no
significance change in deflection after mesh size of 10 as shown in Fig. 8.

5.5 Displacement and Stress of Pilot Shell Analysis Model

The maximum principal stress of both conventional and bio-mimicked models have
been shown in Figs. 9a, b and 10a, b, respectively.
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Fig. 8 Mesh convergence
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Fig. 9 Max principal stress a conventional dome and b bio-mimic shell

(@)

Fig. 10 Max displacement a conventional dome and b bio-mimic shell

The failure of the conventional pilot shell model punches through and for the bio-
mimicked pilot shell it failed at very small load as there is no steel wire connected
at the support area which will act as a circular beam but in the conventional shell
circular wire at the support is acted as a circular beam. Therefore, there is no hori-
zontal displacement; but in ferrocement model, we have considered the ring beam
for analysis. The load deflection graph of respective pilot shell is shown in Fig. 11.
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Fig. 11 Load versus deflection comparison between conventional dome and bio-mimic shell

5.6 Summary of Pilot Model Shell

An experimental and analytical study was done on the pilot shell model.

The difference in the stiffness is very vast in the experimental values due to
absence of ring beam in the bio-mimicked shell. But in the conventional pilot
shell experiment, there is a thicker wire element at the support area which act as
aring beam.

The failure of the conventional pilot shell was punches through the shell and
flatten out for the bio-mimicked pilot shell.

Therefore, from the above conclusion, a ring beam has been considered for the
scaled model.

5.7 Representation Model of Bio-Mimicked Pilot Shell

A representation model has been prepared for the shape visualization of the bio-
mimicked jasmine shell as shown in Fig. 12.

e The height of the shell is 1/6th of its diameter (h = d/6).
e Diameter of the shell is 2 m, and height is 0.35 m.
e There are eight petals structure which are all connected to a ring beam. These ring

beam help the structure’s stability while connecting to column in each petal.

6 Casting

Slabs, conventional dome, and bio-mimicked shell have been casted and properly
cured.



Analysis and Experimental Feasibility Study on Bio-mimicked ... 111

Fig. 12 Model of bio-mimicked shell

6.1 Casting of Ferrocement Slabs

Three slabs of 600 mm x 300 mm x 20 mm were casted using wire mesh of 10 mm
x 10 mm with 0.51 mm diameter and 2:1 mortar. These slabs were casted in order
to determine the modulus of elasticity of the ferrocement.

6.2 Casting of Conventional Dome and Bio-Mimicked Shell

For casting of the dome shell, firstly, a dome mould has been casted. This dome is
casted by using a ply wood which is cut in a desired curve and pinned at the centre
of the dome. To bring the curvature of the dome, the wooden tool rotates around the
concrete. The conventional dome was casted above the dome mould, a layer of 6 mm
mortar was casted at first then a wire mesh was kept above that, and another layer of
6 mm mortar was casted for a total thickness of 12 mm shown in Fig. 13.

Fig. 13 Casting of conventional and bio-mimicked shell with ferrocement
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6.3 Testing of Conventional Slab

Flexure testing is a common method used to evaluate the strength and performance of
ferrocement slabs under bending loads. This test was performed on the ferrocement
slabs of 600 mm x 300 mm x 20 mm after curing for 28 days, and the values
were compared. Three-point bending test has been done in the Compression Testing
Machine (CTM) shown in Fig. 14.

Under CTM machine, two roller supports were kept 5 cm from each end, and
a steel ball was kept at the centre of the slab for the concentrated load. From the
above graph (Fig. 15), an initial slope has been determined which will be used in
calculating the modulus of elasticity of the ferrocement shell.

L 2500 — 1500

k==="""""— 1123.59 N/mm.
d 1.42 —0.53 /

Fig. 14 Testing of
ferrocement slab
Fig. 15 Load versus 4
deflection of the ferrocement
slab

2

0

0 1 2 3 4

—@®—slab...
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Fig. 16 Conventional and bio-mimicked models under UTM machine

6.4 Calculation of Modulus of Elasticity

The calculation of Young’s Modulus was done from the flexure test of slab with
three-point bending test. Deflection of a three-point flexure bending test at the centre
of the slab is

_PL?
"~ 48DA’
E = 35,164.8 N/mm?>.

Therefore, modulus of elasticity of ferrocement slab (E) is 35,164.8 N/mm?.
Normal range is given in literature as 10-30 GPa [5].

6.5 Testing of Conventional Dome and Bio-Mimicked Shell

The testing of conventional and bio-mimic is done under UTM machine as shown in
Fig. 16 and Comparison of experimental and analytical failure is shown in Fig 17.

7 Analysis and Result of Conventional and Bio-Mimicked
Scaled Model with Ferrocement

From the load deflection graph shown in Fig. 18 of ferrocement conventional and bio-
mimicked shell, the deflection varies by 30%. The specific stiffness of conventional
shellis 0.8 and 0.7 for the bio-mimicked shell. Though the stiffness is similar, analysis
of the bio-mimicked shell by increasing the thickness is done to have more idea.
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Fig. 17 Failure of conventional and bio-mimicked dome model
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Fig. 18 Load versus deflection graph of ferrocement conventional and bio-mimicked shell

After analysing different variations of thickness in the scaled ferrocement bio-
mimicked shell model. It is found that by increasing the thickness 1.5 times of
the scaled conventional shell, the load carrying capacity of scaled ferrocement bio-
mimicked shell model is almost equivalent as shown in Fig. 19.

8 Analysis Based on Thickness

After optimizing the thickness in FEM analysis with different variation of thickness
in the scaled ferrocement bio-mimicked shell model, is found that by increasing the
thickness of bio-mimicked shell by 1.5 times of the scaled conventional shell, i.e.
adopting 20 mm thickness for bio-mimicked shell while thickness of conventional
shell is 12 mm as shown in Fig. 20. The stiffness of scaled ferrocement bio-mimicked
shell model is almost similar. Therefore, thickness of 12 and 20 mm was adopted for
conventional and bio-mimicked shell model, respectively as shown in Fig. 21 and
experimental results of conventional and bio-mimic shell is shown in Fig. 22.
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Fig. 19 Load versus deflection by increasing thickness of scaled bio-mimicked shell model
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Fig. 22 Load versus deflection for conventional and bio-mimicked shell model using experiment

9 Conclusion

Dimensioning of the scaled model has been done by measuring the 15 specimens
of jasmine flower by taking average within its = 5%.The height of the shell is
recommended as 1/6th of its diameter. Failure of pilot model was due to the absence
of ring beam, conventional beam failed by punching through and for the bio-mimic
shell, it failed at very small load by flattened out. From the pilot experiment and
analysis, ring beam has been considered for the conventional and bio-mimicked shell
in scaled model. From the flexure test of ferrocement slab, modulus of elasticity was
calculated as 35,164.8 N/mm?.

When comparing the scaled models, the load versus deflection of bio-mimicked
shell is lower than the conventional dome by 30%. The specific stiffness of conven-
tional shell is 0.8 and 0.7 for the bio-mimicked shell. Thus, it is also lighter than
conventional shell. After increasing the scaled bio-mimicked flower shell thickness
1.5 times, the stiffness is increased in the bio-mimicked shell than the scaled conven-
tional shell model. In the experimental graph, the stiffness of the both the shells is
similar till 4 mm deflection, but the ultimate load of bio-mimicked shell is less than
the conventional shell due to the localized failure during testing. The stiffness of
ferrocement bio-mimicked shell is found to be more than the conventional shell by
5%.
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Composite Behavioural Study on GI )
Wire Mesh and PVA Fibre Reinforced Qeckir
Concrete Slabs

S. Govindasami and S. Inthumathi

1 Introduction

The globe is functioning with natural systems, and the world is engaged with
numerous of activities with infrastructural facilities. So, the mankind is in need
of construction materials, and steel is playing a major role on providing infrastruc-
tural facilities. This research is focussing towards reducing the quantity of steel
by introducing the fibres in concrete for reducing the brittleness of concrete as a
sustainable construction technology based on the following investigations which
were carried out on introducing PVA fibre in concrete as reinforcement. Researchers
investigated the mechanical properties of composites with polyvinyl alcohol fibre [ 1],
behaviour of beams with polyvinyl alcohol [2], performance of polypropylene and
ferro-fibre slabs [3], properties of polypropylene concrete [4], characters of polyvinyl
alcohol fibre pervious concrete [5], effect of recycled fibre on mechanical properties
of concrete [6], behaviour of polypropylene concrete slabs [7], polyvinyl alcohol fibre
concrete with slag powder and fly ash [8], flexural properties of polyvinyl alcohol
fibre concrete [9], durability of polyvinyl alcohol fibre concrete [10], ductility index
[11] and mechanical properties of polyvinyl alcohol fibre [12]. So, this research
was aimed to introduce wire mesh in polyvinyl alcohol fibre concrete slabs and to
determine the energy absorption capacity of such slabs.
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2 Materials and Methodology

The slab specimens were casted as circular and square of size 300 mm diameter and
25 mm thickness and 300 mm x 300 mm x 25 mm with polyvinyl alcohol fibre,
cement. The specimen slabs of M30 concrete were casted with two layers (2L) of
mesh and 0.5% PVA fibre, 2L-PVA 1.0%, 2L-PVA 1.5% and 2L-PVA 2.0% in terms
of volume fraction. In addition to the slab, specimens were casted as square cylinder
and prism to determine the compressive and split tensile strength of concrete.

3 Results and Discussions

Experiments were carried out to determine the compressive strength, split tensile
strength and flexural strength. Impact strength and energy absorption capacity were
determined. All tests were conducted for various percentages of PVA, and the results
are presented in Tables 1, 2, 3,4, 5, 6, 7 and 8.

Table 1 reveals that there is a slight increase (1.3%) in the compressive strength
by adding 0.5% of PVA. But there was no percentage of increase of compressive
strength while increasing the PVA from 0.5 to 2.0%.

Table 1 Compressive strength of PVA concrete at 28 days

S. No | Composition | Compressive | Percentage of increase | Percentage of decrease
strength (N/ with conventional with conventional
mm?) concrete concrete
1 CS PVA 0% 37.5 - -
2 PVA 0.5% 38 1.3 -
3 PVA 1.0% 30 - 20
4 PVA 1.5% 29.33 - 21.7
5 PVA 2.0% 22.66 - 39.5
Table 2 Split tensile strength of PVA concrete at 28 days
S. No | Composition | Split tensile | Percentage of increase with | Percentage of decrease
strength (N/ | conventional concrete with conventional concrete
mm2)
1 CSPVA 0% |4.244 - -
2 PVA 0.5% 4.566 7.58 -
3 PVA 1.0% 3.395 - 20
4 PVA 1.5% 3.183 - 25
5 PVA 2.0% 3.501 - 17.5




Composite Behavioural Study on GI Wire Mesh and PVA Fibre ...

121

Table 3 Flexural strength of PVA concrete at 28 days
S. No | Composition | Split tensile | Percentage of increase with | Percentage of decrease
strength (N/ | conventional concrete with conventional concrete
mm?)
1 CSPVA 0% |5.121 - -
2 PVA 0.5% 6.315 233 -
3 PVA 1.0% 6.416 25.3 -
4 PVA 1.5% 6.895 34.6 -
5 PVA 2.0% 5.771 12.7 -

Table 4 Impact strength on PVA concrete square slab without mesh at 28 days

Composition | First | Ultimate | Energy Impact Energy Impact
crack | failure absorption at | strength absorption at | strength
(N1) | (Np) first crack (J) | effectiveness | ultimate effectiveness
ratio (ISER) | failure (J) ratio (ISER)
CSPVA 0% |2 3 11.772 - 17.658 -
PVA 0.5 3 6 17.658 1.5 35.316 2.0
PVA 1.0 4 7 23.544 2.0 41.202 2.33
PVA 1.5 5 7 29.43 2.5 41.202 2.33
PVA 2.0 6 8 35.316 3.0 47.088 2.66
Table 5 Impact strength on PVA concrete square slab with mesh at 28 days
Composition | First | Ultimate | Energy Impact Energy Impact
crack | failure absorption at | strength absorption at | strength
(N7) | (N2) first crack (J) | effectiveness | ultimate effectiveness
ratio (ISER) | failure (J) ratio (ISER)
CS PVA 0% 67 11.772 - 394.29 -
PVA 0.5 75 29.43 2.5 441.45 1.11
PVA 1.0 97 47.088 4.0 570.942 1.44
PVA 1.5 10 101 58.86 5.0 594.486 1.50
PVA 2.0 12 104 70.632 6.0 612.144 1.55
Table 6 Impact strength on PVA concrete circular slab with mesh at 28 days
Composition | First | Ultimate | Energy Impact Energy Impact
crack | failure absorption at | strength absorption at | strength
(N1) | (Np) first crack (J) | effectiveness | ultimate effectiveness
ratio (ISER) | failure (J) ratio (ISER)
CS PVA 0% 52 17.658 - 306.072 -
PVA 0.5 61 23.544 1.33 359.046 1.17
PVA 1.0 68 29.43 1.66 400.248 1.31
PVA 1.5 10 71 58.86 333 417.906 1.37
PVA 2.0 11 76 64.746 3.66 447.336 1.46
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Table 7 Initial energy absorption on PVA concrete square and circular slab at first crack

Composition | PVA concrete Square slab | PVA concrete Square slab | PVA concrete Circular
without mesh (N) with two-layer mesh (N) | slab with two-layer mesh
N)

CSPVA 0% | 11.772 11.772 17.658

PVA 0.5 17.658 29.43 23.544

PVA 1.0 23.544 47.088 29.43

PVA 1.5 29.43 58.86 58.86

PVA 2.0 35.316 70.632 64.746

Table 8 Initial energy absorption on PVA concrete square and circular slab at ultimate failure

Composition | PVA concrete Square slab | PVA concrete Square slab | PVA concrete Circular

without mesh (N) with two-layer mesh (N) | slab with two-layer mesh
N)
CS PVA 0% |35.316 394.29 306.072
PVA 0.5 35.316 441.45 359.046
PVA 1.0 41.202 570.942 400.248
PVA 1.5 41.202 594.486 417.906
PVA 2.0 47.088 612.144 447.336

It is observed from the Table 2 that there is a slight increase (7.58%) in the split
tensile strength by adding 0.5% of PVA. But there was no percentage of increase
of split tensile strength while increasing the PVA from 0.5 to 2.0%. Similar results
were obtained by the researchers on their investigations [9, 10].

The flexural strength of PVA concrete is presented in Table 3, and the results shows
that the flexural strength is increased from 23.3 to 34.6% for the PVA percentages
from 0.5 to 2.0%.

The results of impact strength on PVA concrete square slab without mesh at
28 days are presented in Table 4. It is learnt from the results that the impact strength
effectiveness ratio [ISER] is increased from 2.0 to 2.66 for the PVA percentages from
0.5 t0 2.0%.

The results of impact strength on PVA concrete square slab with mesh at 28 days
are presented in Table 5. It is learnt from the results that the impact strength effec-
tiveness ratio [ISER] is increased from 1.11 to 1.55 for the PVA percentages from
0.5 t0 2.0%.

The results of impact strength on PVA concrete circular slab with mesh at 28 days
are presented in Table 6. It is learnt from the results that the impact strength effec-
tiveness ratio [ISER] is increased from 1.17 to 1.46 for the PVA percentages from
0.5 t0 2.0%.

It is learnt from Table 7 that the initial energy absorption on PVA concrete square
slab at first crack is increased from 29.43 to 70.632 N for the PVA percentages from
0.5 t0 2.0%.
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It is observed from Table 8 that the initial energy absorption on PVA concrete
square slab at ultimate failure is increased from 441.45 to 612.144 N for the PVA
percentages from 0.5 to 2.0%.

4 Conclusions

There was no percentage of increase of compressive strength and split tensile strength
of composite concrete while increasing the PVA from 0.5 to 2.0%. Flexural strength
composite concrete increased from 23.3 to 34.6% for the PVA percentages from
0.5 to 2.0%. Impact strength effectiveness ratio [ISER] of composite square slab
increased from 2.0 to 2.66 for the PVA percentages from 0.5 to 2.0% without mesh.
Impact strength effectiveness ratio [ISER] of composite square slab increased from
1.11 to 1.55 for the PVA percentages from 0.5 to 2.0% with mesh. Impact strength
effectiveness ratio [ISER] of composite circular slab increased from 1.17 to 1.46
for the PVA percentages from 0.5 to 2.0% with mesh. Initial energy absorption on
PVA concrete square slab with two-layer mesh at first crack increased from 29.43
to 70.632 N for the PVA percentages from 0.5 to 2.0%. Initial energy absorption
on PVA concrete square slab with two-layer mesh at ultimate failure increased from
441.45 to 612.144 N for the PVA percentages from 0.5 to 2.0%. It is concluded
that the ductile behaviour of concrete is increased by PVA and enhanced the energy
absorption capacity of concrete.
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Review on Partially Replacement )
of Cement with Industrial Waste oo
in Manufacturing of Concrete and Bricks

R. Akash Nevel, R. Dinesh Kumar, and M. Surendar

1 Introduction

Cement is a commonly used building material that is essential for constructing
durable and long-lasting structures. It is a fine powder made by heating a mixture
of limestone, clay and other minerals in a kiln at high temperatures. Cement is
primarily used as a binding agent in concrete, mortar, and stucco. Cement is the
most important ingredient in the field of construction, starting from foundation to
plastering of the buildings. Due to this, the production of cement reached up to 4.2
billion tonnes in the year 2020. This leads to increase in the release of greenhouse
gases and environmental pollution; greenhouse gases such as nitrogen oxide causes
various health problems, while sulphur dioxide is the major reason for acid rain and
carbon monoxide can cause harmful health effects by reducing oxygen supply to the
various organs and tissues. Reduction of the manufacturing and usage of cement will
help in controlling the pollution on a large scale. While exploitation of river sand is
also one of the major environment affecting act, an alternative material needs to be
brought into use in the construction field. Blocks which have both cement and sand
as the major parts of it, replaced of the material can help in reduce the environmental
effect and cost of the manufacture of the blocks by 30-60%. Ground granulated blast
furnace slag, a cementitious material that is a by-product of the iron-making blast
furnaces, is mostly utilised in concrete. Blast furnace slag’s primary constituents
are CaO (30-50%), SiO, (28-38%), Al,O3 (8-24%), and MgO (1-18%). Up to
respective values of 10-12% and 14%, the MgO and Al,O3 concentration exhibit
the similar pattern, and after such values no further advancement is possible. The
manufacturing of high slag blast furnace cement and Portland blast furnace cement
both of which have GGBS contents that typically range from 30 to 70%, as well as
the creation of ready mixed or site batched durable concrete, are two important uses
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of GGBS. It is commonly used as a pozzolan to make hydraulic cement or hydraulic
plaster as well as to fully or partly replace Portland cement in the creation of concrete,
with about 43% of it being recycled. Concrete and plaster are strengthened against
moisture and chemical assault by pozzolans, which also ensure that the two materials
set. When coal used in power plants is burned, a heterogeneous by-product called
fly ash is created. It is a fine, glassy powder with a grey colour that rises with the
exhaust gases. Fly ash contains pozzolanic elements, which when combined with
lime, produce cementitious materials. The usage of fly ash is in concrete, mining,
landfills, and dams [15, 17]. RHA is a by-product of the milling of rice. Its usage as a
soil stabiliser is an environmentally advantageous substitute for final disposal. RHA
is not naturally cementitious, cements must be created by adding a hydraulic binder,
such as lime, to the RHA in order to reinforce the soil. An active pozzolana with
numerous uses in the cement and concrete industries is rice husk ash. RHA is less
expensive because it reduces the amount of cement required and lowers the total cost
of making concrete. Reduced cement requirements lead to decreased cement plant
pollution, which benefits the climate and the economy. They also provide a useful
way to get rid of this farming waste product, which has few other applications.

2 Literature Review

A literature review is an evaluation report of information found in earlier literature
which related to my project study. This chapter is explained briefly about the various
literatures contained of the study of industrial waste materials and its physical and
chemical properties.

Muleya et al. [8] made experimental study on RHA, which is used to make cement
in small amounts, was used to test the integrity of concrete made in Zambia. The
main objective was to evaluate the costs and benefits of using RHA in concrete. RHA
was utilised in ratios of 10, 20, and 30% to replace cement in some places. The 20%
cement replacement mix at a 0.5 water/binder ratio resulted in the optimal concrete
strength 18 MPa. This resulted in a 12.5% decrease in the price of concrete, which
is especially important for bigger concrete volumes.

Divahar et al. [3] made experimental examination on the compressive strength and
physical characteristics of clay with GGBS brick is described in detail. Six various
brick ratios, including 0, 5, 10, 15, 20, 25, and 30%, were examined. According to
the findings, 5% of lime was continuously added to promote stability, and 5% of
GGBS was increased and added in varied ratios. 20% of the entire amount of clay is
now only used. The bricks are made using a straightforward manufacturing process
that doesn’t include any additional equipment, plant, or machinery for autoclaving
or fire. Consequently, compared to ordinary burnt clay bricks and calcium silicate
bricks, the energy consumption will be significantly lower.

Vijaya et al. [13] evaluated that the potential effects of mineral admixtures on the
compressive and flexural properties of cements including silica smoulder, fly ash,
and rice husk ash. The current project uses concrete of M60 grade with a midway
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substitution made of fly debris, rice husk debris, and silica seethe (FA + RHA +
SF = 30%) for three different proportions: 18:5:5, 18:6:6, 16:7:7. For M60 grade
concrete, for blend construction, the actual water concrete percentage is 0.29 for a
50-75 mm droop. Increased pozzolanic action to stop concrete corrosion in coastal
locations is an advantage of utilising FA, RHA, and SF.

Seevaratnam et al. [7] used earth cement blocks with RHA as a partial cement
substitute are the subject of an experimental research in this work. RHA may only
substitute 0-20% of the maximum binder in a cement block. For mechanical qual-
ities, the investigations on earth cement blocks look at flexural tensile strength and
compressive strength; for durability, they look at water absorption, sorption rate,
and erosion against water spray. Up to 10% RHA content, a considerable improve-
ment in the compressive and flexural tensile strength of earth cement blocks was
noted due to the high SiO, content and strong reactivity of RHA. However, when
the percentage of RHA replacement increases, the durability of earth cement blocks
degrades, although only to a certain extent.

Phul et al. [11] describe about the compressive strength characteristics of concrete
made with fly ash and GGBS in place of some of the cement. As a result of the use
of waste materials as a cement substitute, the construction industry’s greater demand
for cement raises concerns about environmental deterioration. Using fly ash and
GGBS. For various curing days, the optimal level of GGBS and fly ash was evaluated
using different percentages ranging from O to 30%. When the compressive strength
increased by 26.30% at 30% replacement compared to 0% control, and the slump
value hit 30% compared to SF0, the workability of the substituted concrete improved.
Results revealed that the addition increases the workability and compressive strength,
which ultimately improves the mechanical properties of GGBS and fly ash.

Kumutha et al. [1] study involves the use of fly ash, GGBS, and manufactured
sand (M-sand) to create bricks. Fly ash, GGBS, and cement are the main ingredients
in the binder, which is used in a 1:2 mix ratio to create bricks. The test findings show
that mix M1, which contains 75% fly ash, 15% GGBS, and 10% PPC, has a greater
average compressive strength and minimum water absorption of 13.08%.

Manjunatha et al. [2] replaced a portion of the cement by GGBS up to 45%, this
experiment aims to better understand the mechanical and fresh property strengths of
concrete specimens, including compressive strength. Four different proportions of
concrete mix-NC, Mix 1-15%, Mix 2-30%, and Mix 3—45% with and without GGBS
were created. Our findings indicate that, for M35 and M40 grade concrete, a partial
replacement of cement to GGBS up to 45% increased the degree of workability of
the concrete.

Yogendra et al. [5] used concrete made with OPC and GGBS in various amounts
ranging from 0 to 40% and looked at the compressive and flexural strength of the
material. Compressive and flexural strength for 90 days of curing are only slightly
reduced by 4% and 6%, respectively, when OPC is replaced by GGBS up to 20%.

Hossainetal. [10] included RHA with silicate, which is acomponent of pozzolanic
materials. In an effort to substitute bricks and concrete, this RHA has been tried in
place of cement. A standardised presentation of the experimental findings on bricks
and concrete was made. The control specimen, or specimen without any RHA, was
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used as the basis for normalisation. Concrete loses both compressive and cracking
tensile strengths when RHA is added. Additionally, it has been discovered that
adding RHA to brick does not modify the shape or size of the brick, keeping the
volume constant. However, adding RHA to brick reduces its crushing capabilities
and increases its water absorption.

Oyetola et al. [9] validated the suitability of the constituent materials for
constructing hollow sandcrete blocks made of OPC and RHA, preliminary exam-
ination of the materials was done. The freshly made blend was also put to a physical
test. For 1, 3,7, 14, 21, and 28 days, hollow sandcrete blocks of 150 mm by 450 mm
were cast, cured, and crushed at replacement levels of 0, 10, 20, 30, 40, and 50%.
According to test results, the majority of the commercial sandcrete blocks in Minna
town are subpar. The OPC/RHA sandcrete blocks’ compressive strength improves
with age at curing and declines as the amount of RHA material rises. 20% was
determined to be the ideal replacement amount by the study.

Summary of Literature Review
From the study of various literature review it is summarised as follows:

e Fly ash and GGBS can be replaced up to 30% with the cement, where its
compressive strength will be increased.

e RHA can be used as a replacement of cement 10-20%. Using RHA, the water
absorption will be increased.

e The amount of cement that is used in the cement block can be reduced up to 50%
by adding fly ash, GGBS, and RHA at the correct ratio.

3 Material Properties

Cement—Cement is a fine powder that is widely used in the construction industry
due to its excellent binding properties. Its physical properties, including fineness,
colour, setting time, strength, density, heat of hydration, soundness, and consistency,
affect its performance and suitability for various applications. The particle size of
cement affects its workability and setting time, while its colour can vary due to the
addition of pigments. The setting time of cement determines how quickly it hardens
after being mixed with water, and its compressive strength is crucial for load-bearing
structures. IS code refers to the Indian Standards code, which provides specifications
and guidelines for the use of cement in construction in India. The Indian Standard
code for cement is IS 269:2015, which provides specifications for different types
of cement, including ordinary Portland cement, Portland pozzolana cement, rapid
hardening Portland cement, and low heat Portland cement. The generalised physical
properties of cement are provided in Table 1 by referencing to the journal papers.

Fly Ash—Fly ash is a fine, powdery material that is a by-product of burning
pulverised coal in electric power generating plants. It is composed primarily of
silica, alumina, and iron with small amounts of calcium, magnesium, and other
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Table 1 Physical properties of cement
Physical properties Cement Fly ash GGBS RHA
Fineness <90 micron | 10-100 micron | 20-250 micron | 5-15 micron
Bulk density (kg/m?) | 1440 800 1200 150
Colour Grey Dark grey Off-white Greyish black
Specific gravity 3.15 2.52 2.9 2.15

metals. Fly ash is classified as a pozzolanic material because it contains reactive
silica and alumina compounds that react with calcium hydroxide in the presence of
water to form cementitious compounds. When added to concrete, fly ash improves
its strength, durability, and workability [12, 14]. It also reduces the amount of cement
needed, which results in cost savings and a lower carbon footprint [16].

GGBS—GGBS is a pozzolanic material that reacts with calcium hydroxide in the
presence of water to form cementitious compounds, similar to fly ash. GGBS is
a sustainable material because it reduces the amount of waste generated by the
steelmaking industry and reduces the carbon footprint of concrete production [4]. In
addition, it has a lower embodied energy than Portland cement, which means that it
requires less energy to produce.

Rice Husk Ask—Rice husk is a major agricultural waste product in many coun-
tries, and its disposal can create environmental problems. However, when burned at
high temperatures, rice husk produces a fine, powdery ash that has a range of useful
properties. RHA contains high levels of amorphous silica, which makes it a valuable
material for use in various industries [6]. For example, it can be used as a partial
replacement for cement in concrete to improve its strength, durability, and worka-
bility. RHA can also be used as a source of silica in the production of high-grade
glass, ceramics, and refractory materials.

The chemical components of cement, GGBS, fly ash, and rice husk ash are given
in Table 2.

4 Compressive Strength

Table 3 shows the compressive strength of GGBS, fly ash, and RHA with replacement
for different proportions.

The values were obtained by varying the percentage of the GGBS in the concrete.
From Fig. 1 it can be inferred that 20% replacement of GGBS attained high
compressive strength.

The values were obtained by varying the percentage of the fly ash in the concrete.
From Fig. 2 it can be inferred that 20% replacement of GGBS attained high
compressive strength.
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Table 2 Chemical components
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Chemical component Cement GGBS Fly ash Rice husk ash
Calcium oxide (CaO) 64.97 40 3.58 0.87
Silica (SiO) 19.71 30.3 59.94 88.32
Ferric oxide (Fep03) 3.26 10.2 4.67 0.671
Alumina (Al,03) 4.52 9.2 22.87 0.56
Sulphuric anhydride (SO3) 2.44 1.5 0.35
Magnesium oxide (MgO) 1.71 6.2 1.55 0.84
Sodium oxide (NayO) 0.42 0.8 0.62 0.12
Potassium oxide (K;0) 0.54 0.4 2.19 2.91
(TiOy) 0.13 0.8 0.94 -
(P20s) 0.8 0.1 - -
(MnO) - 0.5 - -
LOI 1.50 - 3.34 5.81
Table 3 Compressive Strength of GGBS
Replacement material % Replacement Day-7 Day-14 Day-28
GGBS 0 21.25 28.5 31.5
10 28.15 30.3 31.5
20 31.1 335 35.1
30 23 26.32 28.4
Fly ash 0 19.5 23 26
10 20 24.4 28
20 22.6 28.2 33
30 21 25.9 29
RHA 16.5 21 26
17.3 22 27
10 18 23.5 29
15 15 22.5 27
20 10.5 18 23

The values were obtained by varying the percentage of the RHA in the concrete.
From Fig. 3 it can be inferred that 10% replacement of RHA attained high
compressive strength.

The values were obtained by varying the percentage of the fly ash, GGBS, and
RHA in the concrete. From the above graph it can be inferred that 20% replacement
of GGBS, 25% replacement of fly ash and 15% replacement of RHA attained high
compressive strength (Fig. 4).
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5

Conclusions

The cost of GGBS is around 25-50% less than that of OPC, so replacing cement
with it aids in lowering the cement content of concrete and lowering building
costs.

The current study demonstrates that using GGBS in place of traditional concrete
can produce concrete with higher strengths. When 20% of the cement is replaced
with GGBS.

The earth cement blocks density was altered by the RHA replacement, rendering
them lighter.

The compressive and tensile strength of cement blocks significantly increased up
to 10% RHA content due to the high SiO, content and strong reactivity of RHA.
Fly ash and GGBS can be replaced up to 30% with the cement, where its
compressive strength will be increased.

RHA can be used as a replacement of cement 10-20%. Using RHA, the water
absorption will be increased.

The amount of cement is used in the cement block can be reduced up to 50% by
adding fly ash, GGBS, and RHA at the correct ratio.
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Effect of Slope, Cross-Section of Pile )
and Eccentricity in Calculating L
the Modulus of Laterally Loaded Single

Pile

S. V. Sivapriya

1 Introduction

As infrastructure development increases, the study of foundations gains a lot of
attention. The type of foundation, whether it is a shallow or deep foundation is
chosen in accordance with the super-structure and the prevailing soil-profile. When
the load transmitted from the super-structure is more and the bearing obtained in the
soil is at deeper depth—pile (deep) foundation is adopted. In case the structure faces
a large lateral load, the analysis and design of the pile involves additional attention.

The study of a pile subjected to lateral load has seen its extent in understanding
the nonlinear behaviour when placed at ground level with the maximum possible
parameters such as length, diameter, soil profile, configuration of piles in a group
and loading conditions [1-5]. As the cross-section, length, configuration of pile group
increases, the capacity increases. The role of spacing and arrangement is dominant
in a pile group subjected to lateral load [6]. The study is not only limited to a single
layer; itis further extended to multiple layers. Salgado et al. proposed a decay function
based on the deformation behaviour of pile [7] for calculating the displacement of
single and group piles in layered soil.

The laterally loaded study was done experimentally and numerically, by consid-
ering wedge theory [8], gap theory [9] and p-y method [10]. The study of the laterally
loaded pile in slope is gaining its attention from the research community recently.
The lateral/horizontal load behaviour of the pile depends upon the properties of the
soil, ground condition and pile material property [4]. The effect of the slope when
the pile is placed in the embankment becomes negligible when it is kept beyond 2.5
R (R—relative stiffness factor) in the embankment for cohesive soil [11], whereas in
terms of diameter, the slope becomes insignificant as the pile is moved to a distance
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Table 1 Soil properties Soil type Material property Values
Clay Unit weight (kN/m?) 17.84
Cohesive strength (kPa) 30
Modulus (kPa) 8025
Sand Relative density (%) 70
Angle of internal friction (°) 32
Modulus (kPa) [16] 110,000

of 8D [12]. In sandy soil, the change in geometry of the slope becomes negligible
when the pile moved beyond 15-20D (D—diameter) [13].

The soil-structure interaction properties like modulus and stiffness factor are not
given much importance. Hence, this paper focuses on modulus calculation from
load—deformation curve for the pile located at the crest position for positioned at the
slope-crest of cohesive and cohesionless soil for a /g model study conducted in the
laboratory.

2 Soil Properties

In this study, two types of soil clayey from Siruseri [11, 14] and sandy soil [4]
from Chennai, India, with their respective properties are considered. The basic and
engineering properties of the soil considered are listed in Table 1. The parameters
of the soil and soil—structure interaction properties were extracted from published
literature by the author [4, 5, 11, 15].

3 Methodology

The clay soil is mixed with desired water content to attain desired shear strength to
ensure the stability of the slope. The dry clay soil is mixed with water to achieve
consistency and allowed to consolidate for more than 2 days before placing it in the
tank. The soil is filled in the tank by kneading compaction technique layer by layer.
The percentage of water present in the soil is checked frequently to ensure soils its
consistency. The sand is filled in the tank to achieve a relative density of 70%. The
formation of the slope in the tank is ensured. The parameters involved in this study
are the slope angle and eccentricity for sandy soil and the effect of slope in clayey
soil (Table 2).
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Table 2 Parametric study Type of soil | L/D ratio | Slope angle Eccentricity

Sand 500/16 1V:1.5H (33.69°) |0
500/16 1V:2H (26.56°) 0
500/16 1V:2.5H (21.8°) 0
300725 1V:2H (26.56°) 0
300/16 1V:2H (26.56°) 0
300/12.5 | 1V:2H (26.56°) 0
0.
0
0
0

500/16 1V:2H (26.56°) S5and 177
Clay 450/16 1V:2H (26.56°)
450/16 1V:2.5H (21.8°)

450/16 1V:3H (18.44°)

& T—relative stiffness factor

3.1 Preparation of Sand Bed

The sand is filled in a tank of 1 x 1 x 0.5 m depth of dimension with a relative
density of 70% using the soil raining technique. The pile is placed in the slope-crest
and loaded towards the slope. Using Matlock and Resse [17] formulae, the relative
stiffness of the soil is found as 92 mm by maintaining the geometry of the ground as
horizontal. Under eccentric loading conditions, the load is applied at a distance of
0.5 and 1T from the crest of the slope.

3.2 Preparation of Clay Bed

With clayey soil of 30 kPa as its cohesive strength is filled in the tank, and the unit
weight of 17.84 kN/m? is obtained by kneading compaction technique.

The tank used in the experiments had one side as transparent which is to ensure
the formation of the slope. The modulus is found as the initial slope of the lateral
load—displacement behaviour of a laterally loaded pile [18] as shown in Fig. 1.

4 Results and Discussion

4.1 Influence of Slope

As the geometry of the slope goes steeper, the lateral capacity borne by the pile
decreases which is due to the reduction in passive wedge area. This leads to a decrease
in modulus value too (Fig. 2a). The modulus for horizontal ground terrain with the
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same L/D ratio and soil properties is 40.5 N/mm. The modulus reduces by 69.14,
58.84 and 35.01% for the slope angle 33.7°,26.57° and 21.8° respectively in a sandy

soil slope.

In a clayey slope, the load-bearing capacity is more for a stable slope; there is a
huge variation in the change in the modulus value. As the slope—angle changes from
1V:3H to 1V:2H, the reduction in capacity from 40.4 to 74.29% compared to the

horizontal ground (Fig. 2b).

This is mainly due to passive wedge formation. In sandy soil, there is a reduction in

the formation of a passive wedge marking an angle of 45 —

¢/2 and an active wedge of

45 + ¢/2. Whereas in a clayey slope, the active and passive wedge formation remains
the same due to the absence of friction. Moreover, the passive wedge formation is
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more for clayey slope for the same slope angle. This makes a stable-clayey slope
bears’ more lateral load. From the figures, it is understood that the cohesive soil has
more modulus than that of cohesionless soil.

4.2 Influence of Eccentricity

The length of eccentricity defines here the free length above the slope-crest where
the load is applied. The depth of embedment has major role in load-bearing capacity
of the pile subjected to lateral load; as the embedded depth increases the capacity
increases. The reduction in lateral capacity also reduces the modulus. From Fig. 3,
we can see the sudden drop in the modulus; this is mainly due to the influence of the
embedded depth of the pile [19]. When the free length increases with the total depth
of the pile, the rigidity of the pile decreases and the soil-structure interaction reduces.
This provokes a reduction in modulus. With the initial reduction in modulus because
of the increase in free length, it starts decreasing and becomes almost linear. This also
indicates that when the flexibility of pile, the module increases, but when it shifts
to the behaviour of rigid the modulus reduces. As the passive resistance remains
constant, the modulus behaviour of the pile almost remains linear. The effect of
eccentricity is studied only for sandy/cohesionless soil.

4.3 Influence of L/D Ratio

By keeping the total length of the pile constant at 300 mm, the diameter is varied as
12.5, 16 and 25 mm making it a long, intermediate and short pile respectively for
cohesionless soil. As there is an increase in length (L)/diameter (D), the modulus
increases, as it majorly depends upon the length of the pile (Fig. 4).
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With the change in behaviour of pile from short to intermediate, the modulus
increases by 1.5 times; as the behaviour then shifted to long, the modulus value
increases to 2.13 times. The increase in modulus is due to the fact that the pile trans-
ferred its behaviour of short rigid to long flexible behaviour [20]. It is also understood
the head condition, i.e. free-head condition didn’t have a restrained condition [21].

5 Conclusion

The soil-pile interaction study of a pile subjected to lateral load in the sloping ground
with varied L/D ratio, slope angle, free-length and soil type are as follows:

1. The modulus of the cohesive soil is more than the cohesionless soil. As the
slope angle increases, the modulus decreases for the condition of slope remains
constant.

2. With an increase in the free length of the pile head with the same length of pile,
the lateral load capacity decreases leading to a decrease in the modulus of the
pile.

3. The increase in L/D ratio increases the capacity, and the modulus increases with
the same slope angle.

From the experimental data, it is observed that the main factor influencing the
modulus of the pile is the soil type and the geometry of the pile.
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Investigation on Plastic Hinge )
in Non-prismatic Beam with Circular L
Openings

Venumadhav Guligari@®, C. Arunkumar @, and N. Umamaheswari

1 Introduction

Non-prismatic beams, also referred to as variable section beams, are beams with
varying cross-sectional shapes. Analysis of non-prismatic beams is a more complex
procedure because of their geometric properties compared to prismatic beams but
they are found to be suitable for structures like bridges, multi-storeyed buildings and
offshore platforms. They must be studied and understood because the distribution of
internal forces and moments is affected by the changing cross-sectional form of these
materials, which in turn impacts how strong and stable they are. In order to properly
design non-prismatic beams, one must have a thorough understanding of how they
behave under various loading scenarios as well as the analytical and predicative skills
to do so.

Overall, non-prismatic beams must be understood and studied in order to construct
structures safely and effectively because of the complicated bending and stress
distributions caused by non-prismatic beams’ variable geometry, understanding and
researching them is crucial to ensuring their strength and stability. Understanding
non-prismatic beams is also helpful for making the best use of materials and light-
ening the weight of buildings, which can result in cost savings and increased sustain-
ability. Non-prismatic beams can be modified to give increased strength and stiffness
where it is needed while using less material overall by adjusting the cross-sectional
dimensions along the length of the beam.

Non-prismatic beams can aid in distributing loads more uniformly down the length
of the beam, lowering the possibility of isolated high stresses and boosting the struc-
ture’s overall stability and safety. It is feasible to reduce the quantity of material
used during construction, which will save money and increase sustainability, by
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optimizing the cross-sectional dimensions of non-prismatic beams Non-prismatic
beams have been utilized in building from the time of the ancient Romans and
Greeks, who also used curved arches and vaults in their projects. In the nineteenth
and twentieth centuries, as engineering and construction techniques advanced, non-
prismatic beams were used more frequently because they could be produced and
installed more easily. Non-prismatic beams are gaining interest from academia and
industry due to these benefits, in part because of the design freedoms provided by
advancements in additive manufacturing, such as 3D printing. The shear stress is
particularly impacted by the beam’s form and any internal forces. Understanding the
specimen’s maximum load bearing capacity and maximum stress tolerance depends
on determining the collapse load (a non-prismatic beam). Understanding the above
problem requires understanding the location and length of the plastic hinge formation
in the structure. The plastic hinge idea plays a significant role in the design of ductile
structures, which are intended to bend in a controlled way in reaction to severe loads,
lowering the likelihood of a catastrophic failure.

The position along a beam or any other structural part where material yields
as a result of applied loads is referred to as a plastic hinge. As a result of this
yielding, the beam loses stiffness and strength and develops a hinge-like mecha-
nism that may disperse and absorb more energy. The plastic hinge idea is used in
structural design to depict a structure’s inelastic behavior when subjected to signifi-
cant deformations, such as those that take place during earthquakes or other extreme
loading events. Engineers may make sure that a structure can withstand the effects
of severe loads and continue to support the desired loads even after yielding by
precisely positioning and managing the production of plastic hinges. The cross-
sectional measurements, loading conditions, and material qualities of the structural
element are commonly used to determine the length of the plastic hinge. For instance,
in reinforced concrete beams, the plastic hinge length which is related to the rein-
forcement ratio is commonly taken as the distance between the cross-sections, center
of gravity, and the point of high concrete strain. Monotonic loading is a type of loading
in which there is no reversal of the loading direction, and the load or force applied
to the structure is constant or steadily increasing. Structures are frequently designed
and tested using this kind of stress to assess their strength and stability in a controlled
loading environment.

Numerous researchers investigated the non-prismatic beam, and the state of the art
is discussed. Kaveh et al. [1] have investigated about three-dimensional steel frame
seismic design. The frames are made in accordance with LRFD-AISC design guide-
lines and are loaded by gravity and earthquakes. Ordinary moment frames are seen
as having lateral resisting systems in this context. Two types of frames consisting of
prismatic frames and non-prismatic frames are optimized, and results are compared.
Non-prismatic beams are good at resisting lateral sway moment. Zhou et al. [2], as
theoretically put forth, a shear stress analytical expression for elastic tapered beams is
derived based on the theory of elasticity. It demonstrates that shear stresses in tapered
beams are dissimilar due to change in cross-section. It is important to consider the
additional shear stress caused by the bending moment for the shear calculations of
tapered beams. The accuracy of this is confirmed by numerical investigation of RC
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beams. Kaveh [3] has examined the reduction of optimal cost and carbon dioxide
reduction in non-prismatic beams. A 2, 4, and 8 story RC frames with long spans had
considered five metaheuristic algorithms. ECBO showed the best result for optimal
cost and less CO, emissions. Kaveh et al. [4] developed a computational method for
the performance-based optimal seismic design of RC frames with prismatic beams
and frames without prismatic beams. Five metaheuristic algorithms were used to
determine the optimal CO, emission and optimal cost relation. Hence, in frames
with prismatic beams the performance levels has increased from 2.2 to 4% for cost,
and CO, emissions were reduced by 1.8-12%. Jolly et al. [5] analyzed about rein-
forced concrete haunched beams. The paper has documented that the design shear
force was reduced by concrete compression chord because of the existence of vertical
shear resistance component. Reinforced concrete haunched beams can redistribute
cracks along haunch length, so brittle and sudden shear failure is reduced. Tan [6]
designed the reinforcement for non-prismatic RC beams using strut-and-tie models.
Seven beams are constructed and tested based on these models. The width and loca-
tion of the recess, as well as the strengthening strategy, were considered. The impact
of these parameters on the strength and behavior of beams were discussed after the
test results were compared to design values. Resan [7] aims to create an in-plane
non-prismatic flanged concrete beam and research the effects on improving strength,
rotation capacity, and flexural ductility without significantly affecting ultimate load
bearing capacity or plastic rotation capacity when subjected to three-point loading.
Jabbar [8] investigates about effects of openings in hollow beams in web portion,
where the behavior of the hollow beams with and without 100 mm openings was the
same, when compared to 200 and 300 mm openings. Kim [9] study is based on the
cross-sectional characteristics and material characteristics of RC beams; the study
offers a method for choosing the proper diameter and spacing of the circular web
holes. The linear strain distribution of the longitudinal reinforcing bars served as the
basis for the calculation of the neutral axis depth is used in this study to assess the
suitability of the planned web apertures. Additionally, to lessen the effect on the flex-
ural strength of RC beams, the maximum diameter of the web opening is determined
using a linear strain distribution at nominal strength. The net tensile strain in high
tension reinforcement is used to get this dimension.

In the present research, an attempt has been made to find the plastic hinge length
and location for different length of tapper section (200, 300, 400 mm) with different
circular openings of diameter 80, 100, and 120 mm. The adopted shape is a haunched-
shaped beam with tapered sections near the ends of the beam.
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Table 1 Model configuration for non-prismatic beam

Length of the tapered section | Size of the openings (mm) | No. of openings | No. of models
(mm)
200 80 2 openings 3
100
120
300 80 2 openings 3
100
120
400 80 2 openings 3
100
120

2 Model Configuration

The parametric study was carried out by the Finite Element Analysis (FEA) of non-
prismatic beam with different tapered section length (200, 300, and 400 mm) and
different circular openings (0.4H, 0.5H, and 0.6H), where H = height of the beam.
The openings of size 80 mm, 100 mm, and 120 mm were created for 200 mm,
300 mm, and 400 mm tapered beams, respectively. The model configuration is given
in Table 1.

3 Numerical Investigation

FEA has been carried out using ABAQUS V.14. The analysis deals with the behavior
of non-prismatic beams subjected to monotonic loading conditions. From the analysis
using plastic strain, plastic hinge length and location were calculated.

3.1 Geometrical Modeling

The beam is having length 2000 mm with cross-section 100 x 200 mm. The concrete
part is modeled with three-dimensional solid elements C3D8R. The circular hole has
accomplished by extrude cut. The reinforcing bars are modeled as wire element.
Four numbers of 12 mm @ bar is used for main reinforcement, and 8 mm & bar is
used for stirrups. Figuresl and 2 show the assembled non-prismatic beam and its
reinforcement details, respectively.
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Fig. 1 Assembled non-prismatic beam

Fig. 2 Reinforcement detailing of non-prismatic beam

3.2 Material Property

Two different materials were used such as concrete and steel. The Young’s modulus
and poison’s ratio for the adopted M25 concrete is 15427.2973 N/mm? and 0.18,
respectively. The elastic property of steel such as Young’s modulus and Poison’s
ratio is 2 x 10° N/mm? and 0.3, respectively. The inelastic compressive and tensile
strain behavior of M25 concrete is shown in Figs. 3 and 4, respectively.
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Fig. 3 Compressive stress
strain behavior of M25
concrete

Fig. 4 Tensile stress strain
behavior of M25 concrete

3.3 Interaction
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Finite element parts are created independently in its own coordinate system. Inter-
action between concrete and reinforcement bars has done as ‘embedded region,” and

the same is shown in Fig. 5.

Fig. 5 Interaction between
concrete and reinforcement
bar
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Fig. 6 Boundary conditions
for non-prismatic beam

3.4 Boundary Condition and Load

The beam is supported with pinned (Ul = U2 = U3 = 0) boundary condition. To
avoid the lateral slip of the loaded I section, it is restrained only in the lateral directions
(U1 =U3 =0). Displacement approach was used for loading. The load was gradually
increased with the initial step time 0.01 and incremented to the maximum of step
time 0.1. The load was given as two-point load using I section as shown in Fig. 6.

3.5 Meshing

Structure meshing technique was used for meshing of the elemental parts as shown
in Fig. 7. Meshing is done individually by part. The global seed sizes for concrete,
main reinforcement, stirrup of size 150 x 200 mm, and stirrup of size 150 x 150 mm
are 30, 50, 15, and 13, respectively.

Fig. 7 Meshing of non-prismatic beam
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4 Results and Discussion

Non-prismatic beam with different tapered sections with different diameter of circular
openings were analyzed using ABAQUS. The results are discussed with respect to
effect of length of the tapered section, effect of circular opening, plastic hinge length,
and location.

4.1 Effects of Length of the Tapered Section

The ultimate load of 200 mm tapered section is 200 kN. It is 48 and 47% higher than
that of 300 and 400 mm tapered section. It is depicted that the increase of the taper
length increases the capacity of beam. The deflection obtained at the center of the
beam is getting reduced due to increase of the taper section which is shown in Fig. 8.

4.2 Effects of Circular Opening in Non-prismatic Beam

The ultimate load of 200 mm tapered section with 100 mm opening is 120 kN. It
is 2 and 3% higher than that of the same section with 80 and 120 mm opening,
respectively. When increasing the size of the circular opening, the stiffness of the
beam is reduced as shown in Fig. 9. It is depicted that the size of the opening is
indirectly proportional to stiffness of the beam. Hence, the plastic hinge is formed
faster in case of large openings.

The ultimate load of 300 mm tapered section with 120 mm opening is 90 kN. It is
2% higher than that of the same section with 80 and 100 mm opening, respectively.
The difference in the ultimate load between the two sections (80 and 100 mm opening)
is 0.75%. When increasing the size of the circular opening, the stiffness of the beam
is reduced as shown in Fig. 10. The ultimate load of 400 mm tapered section with
100 mm opening is 105 kN. It remains the same for the same section with 80 and
120 mm opening also. When increasing the size of the circular opening, the stiffness
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of the beam is reduced as shown in Fig. 11. It is depicted in all the cases that the size
of the opening is indirectly proportional to stiffness of the beam. The ultimate load
is (105 kN) obtained for larger tapered length irrespective of the opening size.

4.3 Plastic Hinge Length and Location

According to Zhao et al. [10], plastic hinge length and location can be calculated
by using the rebar yielding zone, concrete crushing zone, curvature localization.
Concrete strain ranging from 0.02 to 0.06 stays in a yield zone, where formation of
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plastic hinges can be observed. The model specimens TB1, TB2, and TB3 repre-
senting the 200, 300, and 400 mm tapered section, respectively. The hinge location
is represented by ‘a’ and ‘b’ for left and right side of the beam, respectively. The
hinge length in the left and right side is La and _Lb, respectively. The hinge location
and length are shown in Fig. 12.

The beam of tapered section 400 mm with 120 mm opening and 200 mm taper
with 120 mm opening have plastic hinge formation in the compression zone of the
concrete as shown in Fig. 13. In beam with circular openings, the plastic hinge was
formed at tension zone of concrete, at a distance of 0—250 mm and 1750-2000 mm
as shown in Fig. 14. The hinge location and calculated hinge length are given in
Tables 2 and 3 for concrete compression and tension zone, respectively.

For the reinforcements, the rebar strain curve is used to locate the yield zone (strain
range 0.02-0.086). The rebar placed in the tension region is having high tendency
to form plastic hinge along its entire length. As shown in Fig. 15, along the beam
length, the strain is maximum at 100-250 mm region and 1780—1970 mm region. The
hinge length is varied between 41 and 230 mm. In tension rod 2, the high chance of
formation of plastic hinge located at a distance of 19.6-255 mm and 1790-1970 mm

O
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Fig. 12 Hinge locations and hinge length
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Fig. 13 Strain in concrete compression zone
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Fig. 14 Strain in concrete tension zone

Table 2 Strain in concrete compression zone

Specimen ID Hinge location from one end (mm) Hinge length (mm)
a b la 1b
TB1a200, 80 mm 570-630 1200-1340 60 140
TB1b200, 100 mm 230-260 1720-1760 30 40
TB1c200, 120 mm 500-550 1600-1750 50 150
TB2a300, 80 mm 780-820 840-1100 40 260
TB2b300, 100 mm 450-600 1600-1650 150 50
TB2¢300, 120 mm 400-500 1570-1650 100 80
TB3a400, 80 mm 0-250 1850-1915 250 65
TB3b400, 100 mm 0-250 1450-1620 250 170
TB3c400, 120 mm 375-600 1325-1500 225 175

as shown in Fig. 16. The hinge length is varied between 39.3 and 235 mm. The hinge
location and calculated hinge length are given in Tables 4 and 5 for tension rods 1
and 2, respectively.
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Table 3 Strain in concrete tension zone

Specimen ID Hinge location from one end (mm) Hinge length (mm)

a b la 1b
TB1a200, 80 mm 125-145 1850-1900 20 50
TB1b200, 100 mm 125-145 1850-1900 20 50
TB1c200, 120 mm 150-300 1650-1850 150 200
TB2a300, 80 mm 66.6-160 1875-1900 934 25
TB2b300, 100 mm 70-170 1820-1900 100 80
TB2c300, 120 mm 69-170 1900-1950 101 50
TB3a400, 80 mm 67.1-175 1900-1950 107.9 50
TB3b400, 100 mm 67.5-120 1900-1970 525 70
TB3c400, 120 mm 67.4-175 1875-1925 107.6 50

Length of the beam(mm)

Fig. 15 Strain in tension rod 1

4.4 Failure Assessment of Non-prismatic Beam

Failure of beam is observed inside the opening and around the supports because of
high stress concentration near the opening and at the supports as shown in Fig. 17. Top
surface is also taking a significant amount of stress due to two-point load. The portion
inside the opening experienced more stress than supports because of the variation
in stiffness. Hence, the opening region yielded more as shown in Fig. 18. When
increasing the length of the taper section, the stress concentration is accumulated in
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Fig. 16 Strain in tension rod 2

Table 4 Strain in steel tension rod 1

Specimen ID Hinge location from one end (mm) Hinge length (mm)
a b la 1b
TB1a200, 80 mm 58-100 1790-1875 41 85
TB1b200, 100 mm 59-100 1790-1875 42 85
TB1¢200, 120 mm 58.8-98.1 1910-1950 39.3 40
TB2a300, 80 mm 78-120 1800-1940 42 140
TB2b300, 100 mm 78-120 1800-1940 42 140
TB2¢300, 120 mm 75-150 1800-1940 75 140
TB3a400, 80 mm 100-250 1850-1900 150 50
TB3b400, 100 mm 350-525 1864-1940 175 76
TB3c400, 120 mm 19.6-250 1780-1970 230 190

the mid span and the opening region as shown in Fig. 19. From the failure assessment,
it is clear that the purpose of opening is justified. The hinge formation is occurred in
the vicinity of the opening.
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Table 5 Strain in steel tension rod 2

Specimen ID Hinge location from one end Hinge length

a b la 1b
TB1a200, 80 mm 58.9-100 1790-1875 41.1 85
TB1b200, 100 mm 58.9-100 1790-1875 41.1 85
TB1c200, 120 mm 58.8-98.1 1910-1950 39.3 40
TB2a300, 80 mm 78-120 1800-1940 42 140
TB2b300, 100 mm 78-120 1800-1940 42 140
TB2c300, 120 mm 75-150 1800-1940 75 140
TB3a400, 80 mm 100-250 1850-1900 150 50
TB3b400, 100 mm 350-525 1864-1940 175 76
TB3c400, 120 mm 19.6-255 1790-1970 235 180

Fig. 17 Non-prismatic
beam of tapered section
TB1.200, 120 mm

Fig. 18 Non-prismatic
beam of tapered section
TB2,300, 100 mm
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Fig. 19 Non-prismatic
beam of tapered section
TB3c400, 100 mm

5 Conclusion

The behavior of non-prismatic beam is studied with different length of tapered section
and different diameter of circular openings. The plastic hinge length and location are
explored for the non-prismatic beams, and the following conclusions have arrived
from this research. The ultimate load of 200 mm tapered section is 200 kN. It is 48%
higher than 300 mm tapper section and 47% higher than 400 mm tapper section.
The increase of the taper length increases the capacity of beam. The size of the
opening is indirectly proportional to stiffness of the beam. Hence, the plastic hinge is
formed faster in case of large openings. Strain in concrete compression zone ranges
between 0.02 and 0.06 and strain in concrete tension zone ranges between 0.02 and
0.086. As per concrete tension zone strain, the maximum hinge length of 200 mm is
obtained in the non-prismatic beam with the specification of 200 mm tapper length
with 120 mm opening. From the detailed analysis, it is observed that the size of the
opening exceeding 0.5 h (height of the beams) exhibited multiple plastic hinges in
the beam due to less stiffness to mass ratio. Nevertheless, the size of the tapered
section and location of the opening also plays a vital role in the formation of plastic
hinges.

References

1. Kaveh A, Kabir MZ, Bohlool M (2020) Optimum design of three-dimensional steel frames
with prismatic and non-prismatic elements. Eng Comput 36(3):1011-1027

2. Zhou M, Fu H, An L (2020) Distribution and properties of shear stress in elastic beams with
variable cross section: theoretical analysis and finite element modeling. KSCE J Civ Eng
24(4):1240-1254

3. Kaveh A, Mottaghi L, Izadifard RA (2021) An integrated method for sustainable performance-
based optimal seismic design of RC frames with non-prismatic beams. Sci Iran 28(5):2596—
2612

4. Kaveh A, Mottaghi L, Izadifard RA (2022) An integrated method for sustainable performance-
based optimal seismic design of RC frames with non-prismatic beams. Eng Comput 38:69-86



158

V. Guligari et al.

Jolly A, Vijayan V (2016) Structural behaviour of reinforced concrete haunched beam: a study
on ANSYS and ETABS. Int J Innov Sci Eng Technol 3(8):495-500

Tan KH (2004) Design of non-prismatic RC beams using Strut-and-Tie models. J] Adv Concr
Technol 2(2):249-256

Zamel JK (2021) Flexural behavior of developed reinforced concrete beams of non prismatic
flanges. Mater Today: Proc 42:2974-2983

Jabbar S, Hejazi F, Mahmod HM (2016) Effect of an opening on reinforced concrete hollow
beam web under torsional, flexural, and cyclic loadings. Latin Am J Solids Struct 13:15761595
Kim HG, Lee YJ, Kim KH (2022) Cyclic flexural performance of RC beams with small circular
openings in plastic hinge region. Constr Build Mater 321:126339

Zhao XM, Wu YF, Leung AYT (2012) Analyses of plastic hinge regions in reinforced concrete
beams under monotonic loading. Eng Struct 34:466—482



Analysis of Ergonomics Risk During )
Plastering in Construction Sites oo

Aleena Josey, M. S. Ameer Suhail, Nazneen Niyas, and Sahimol Eldhose

1 Introduction

Ergonomics risk assessment is measure of the risk factors in work environment that
may lead to musculoskeletal disorders among workers. Ergonomics risks can be
caused by static, dynamic, changing, or unstable postures. It involves the evaluation
of risk associated with occupational tasks. Musculoskeletal disorders are the most
widely spread occupational problems for both developed and developing countries,
in construction sector, which increase expenses of salary compensation, health costs,
declining productivity, and lower quality of life.

1.1 Literature Review

Francis et al. [1], based on the analysis, it is found that biomechanical factors such
as muscle tension and high muscle contact, poor posture, and repetitive movement
were the most important ergonomic risk factors. In addition, psychosocial factors,
including management and the environment, also affect the health of workers. Among
management, pressure to meet deadlines and low training are the main problems of
office workers. To solve these problems, it is important to follow the right manage-
ment. Engineering controls include modifying the workplace or work environment
to reduce ergonomic hazards. Control management focuses on the implementation
of policies and procedures to address identified risks. Personal protective equipment
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(PPE) can be used to protect workers from ergonomic hazards. Finally, replacing
known hazards with ergonomically designed tools or procedures can help reduce
risk. By implementing engineering controls, regulatory controls, personal protec-
tive equipment, and reproducible equipment/processes, you can reduce the risk of
development and provide a safe and healthy environment for employees.

Mustapha et al. [2] found out stating that maintaining an awkward posture can
lead to decreased muscle efficiency, increased force exertion, muscle fatigue, and
discomfort for workers. These issues can contribute to the development of muscu-
loskeletal disorders (MSDs) among individuals performing repetitive tasks with
heavy loads. However, implementing best practices such as job rotation, posture
changes, and safety devices has been shown to be effective in reducing the occur-
rence of MSDs and promoting worker health. Job rotation involves periodically
rotating workers among different tasks or job roles. This practice helps distribute
the physical demands and stress on different muscle groups, preventing overuse and
reducing the risk of developing MSDs. By allowing workers to perform a variety of
tasks, job rotation also provides opportunities for rest and recovery for specific muscle
groups. Posture changes are important in preventing prolonged exposure to awkward
postures. Employers can encourage workers to maintain proper body mechanics and
provide ergonomic training to promote correct posture during work activities. Addi-
tionally, regular breaks and stretching exercises can help alleviate muscle fatigue
and reduce the negative effects of sustained awkward postures. The use of safety
devices and ergonomic equipment is another effective strategy to minimize the risk of
MSDs. Employers can invest in tools and equipment specifically designed to reduce
the strain on workers’ bodies. For example, lifting aids, adjustable workstations, and
ergonomic tools can significantly decrease the physical stress associated with heavy
loads and repetitive tasks. By implementing these best practices, organizations can
achieve several benefits. First, it reduces the likelihood of work-related injuries and
illnesses, which can lead to a decrease in absenteeism and workers’ compensation
costs. Second, it promotes the overall health and well-being of workers, improving
job satisfaction and productivity. Finally, by preventing MSDs, organizations can
avoid potential legal liabilities and associated expenses. Ergonomic assessments and
consultations with professionals can help to identify and address potential risk factors
and develop appropriate interventions to mitigate them.

Isabel Moreira-Silva, Azevedo et al. [3], according to the data and results of this
study, the 7-day prevalence of musculoskeletal disease among the manufacturing
company employees is 41.6%. The most common symptoms are back (18.8%),
wrists/hands (17.3%), neck (15.8%), shoulder (15.3%), and ankle/foot (11.4%).
The study also identified several factors associated with the development of muscu-
loskeletal symptoms. The study found that job category was an important determi-
nant of back and shoulder pain and showed that the type of work a person does
affects the likelihood of experiencing pain symptoms. Also, older workers are more
likely to have musculoskeletal symptoms than younger workers. In addition, gender
was found to be an important marker of arthritis, suggesting that there may be differ-
ences in the presentation of musculoskeletal symptoms between men and women. To
address these findings and prevent musculoskeletal symptoms in workers, the study
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highlights the need for workplace interventions. By implementing intervention plans
such as ergonomic improvements, training, and workplace changes, companies can
reduce the incidence of musculoskeletal symptoms and improve the overall health,
cleanliness, and well-being of their employees.

From the literature review, most significant ergonomics risk factors occur due
to repetitive work and awkward posture. In all the above journals referred, they
conducted the questionnaire, discussed with the workers, and collected the data
history of musculoskeletal disorders to find the REBA scores. None of the journals
quantify ergonomic risk in construction. In this study by using the software to find
posture angles as well as repetitive risk to ergonomics hazard. In most of the cases,
REBA techniques are applied for medical and IT Industry. In all the referred journal,
whole body is considered; therefore, exact problem cannot be identified. In this part
by part analysis is done which helps to identify the corrective measures.

2 Methodology

Methodology adopted for this project is follows:

1. Literature review: The data and information required for the project were
collected from literature to understand various aspects of project.

2. Identification of risk factors: The most significant risk factors are repetitive
work and awkward posture identified from PLIBEL and checklist method. It
also referred that flooring and plastering works mostly deal with repetition and
bad posture [4].

3. Analysis: The angles corresponding to the head, torso, pelvis, etc., of the workers
are analyzed using the software POSTUREZONE [5].

4. Preparation of Worksheet: Data is collected about postures of workers that is
placed into worksheet evaluator [6, 7] to differentiate the risk into low, medium,
or high and prioritize the risk.

5. Validation: The values calculated using conventional method are validated using
REBA 8, 9].

6. Results and discussion: Worksheet evaluator will the give the final risks score
that represents the level of risk of the workers [10].

2.1 Identification of Factors

The main factors identified from review are:

Awkward posture * Repetitive work ¢ Localized or whole body vibration ¢ Static
loading ¢ Contact stress of muscles and tendon ¢ Insufficient rest breaks ¢ Lifting
heavy items. Environmental related (physical and social) risk factors ¢ Noise
Extreme temperature ® Poor lighting » Poor ventilation ¢« Chemical or dust exposure
* Poor layout ¢ Uneven surfaces * Lack of autonomy ¢ Lack of control of work.
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Table 1 T-Test result for plastering workers

On basis of Mean SD 'SEM  |PValue | Remarks

(a) Health

Healthy 28.317 21.450 7.583 0.2981 Not statistically
Unhealthy 39275 |19.036 | 6.730 significant

(b) Age

Age< =35 39.012 16.395 3.864 0.2144 Not statistically
Age > 35 31.547 | 18916 | 4.458 significant

(c) Height

Height < = 175 26286 15450  |3.544  |0.0014 Statistically
Height > 175 43.151 14.646 | 3.360 significant

(d) Experience

Experience < = 10 36.944 15.620 5.206 0.5706 Not statistically
Experience > 10 31438 | 23869 | 7.956 significant

2.2 Statistical Analysis of Physical Parameters

To determine whether there is a difference between two unrelated groups such
as health, age, height, and experience, statistical test is done. It was done for 50
population based on two independent samples and compare the mean between two
independent groups (Table 1).

2.3 Body Part Definition

Body parts is defined to the study the posture by dividing the human body into three
(3) general movement areas: (i) head, (ii) torso, and (iii) pelvis as per posture zone
software. This helps to observe risk exposure of these parts and helps to eradicate the
musculoskeletal disorder. The values assigned to the body part postures is termed as
risk scores relative to each observations.

2.4 Assign Risk Level

After assigning score, classify risk level is done with reference to REBA worksheet.
The risk levels are given in Table 2.

The postures related to the corresponding works are found out by taking their live
images during work using the Software Posture Zone. Posture Zone provides visual
representation for improvement or decline in posture. It helps to measure inclinations
in degrees to track postural changes, balance and symmetry of the head, torso, and
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Table 2 Assigning risk

Score Risk Risk classification
levels

0-50 Negligible

50-100 Low

100-150 Medium

150-200 | High

200+ Very high

Source Alexandra Gemitzi

pelvis over the center of the feet. For more accuracy, the same worker’s posture from
different sides was found. The details were collected from various sites in Ernakulum
district, Kerala (Fig. 1).

The angles observed from POSTURE ZONE software of plastering, are collected
for further calculating risks score from postural hazard analysis sheet and the values
obtained from the Table A scores are given below and from this hazard scores can
evaluate the levels of risks such as low, medium, or high. The live image of the
plastering work was taken using the posture zone software from which the angles

Fig. 1 Angles obtained
during masonry works
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Table 3 Observations for plastering works

. Josey et al.

Worker Observation 1 Worker Observation 1

No Head Torso Pelvis No Head Torso Pelvis
1 254 2.2 26.9 14 19.1 11.3 5.1
2 15.2 11.2 2.3 15 0.6 4.1 12.3
3 7.9 11.9 18.6 16 19.8 8.7 2.4
4 7.1 40 16.1 17 1.9 22 7.9
5 5.2 8.2 14.1 18 4.1 34 6.4
6 80 9.7 11.9 19 90 8.6 2.5
7 8.4 8.2 9.1 20 14.5 16.4 170
8 12.5 11.4 90 21 21.7 26.5 30.8
9 30 44 50 22 20 30 1.2
10 5.9 2.8 3.9 23 150 16.9 170
11 17.4 160 3.5 24 180 20.7 21.8
12 12.7 11.9 18.6 25 4.7 5.9 4.4
13 6.8 3.1 150 26 80 9.8 8.5

of head, torso, and pelvis are identified. Using this angles obtained ergonomic risk
level can be calculated (Table 3).

From all the observations taken, the max angles were found for bar plastering
workers, and the angles corresponding to each workers posture were 43.6°, 37°,

30.7°, 30.9°, and 43.9° for head, torso, and pelvis, respectively.

2.5 Ergonomic Risk Score

The angles observed from POSTURE ZONE software of plastering activities are
collected for further calculating risks score from postural hazard analysis sheet and
the values obtained from the Table scores are given below and from this hazard scores
can evaluate the levels of risks such as low, medium, or high. The model developed

for calculating score using regression equation is as follows (Table 4):

where

PS Posture score
EF Environmental factors

Total score = 56.786 + PS x 6.496

— EF x 29.623 4+ OR x 18.35

OR Organizational risk.

6]
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Table 4 Score for plastering workers

Site no Total Site no Total Site no Total Site no Total
(S)-Worker | Score | (S)-Worker | Score | (S)-Worker | Score | (S)-Worker | Score
no (W) no (W) no (W) no (W)

SIW1 1225 | S3W1 37 S2W5 147 S4W5 44.8
S1W2 50.4 S3wW2 66 S2W6 116.3 | S4W6 59
SIW3 75.6 S3W3 55.5 S2W7 126 S5W1 48.8
S1wW4 84 S3w4 71 S2W8 44.4 S5W2 29.6
S1W5 165.6 | S3W5 121.6 | S2W9 55.5 S5W3 51.2
SIW6 2254 | S3W6 68.8 S2W10 95.4 S5W4 335
S1W7 114 S3W7 73.6 S2W11 48 S5W5 37
S2W1 80 S4W1 14.8 S2wW12 40 S5W6 56
S2w2 80 S4wW?2 40 S2w13 55.5 S5W7 64
S2W3 66 S4W3 29.6 S2wW14 240 S5W8 69.6
S2w4 44.4 S4w4 42.4 S2W15 48 S5W9 44.8

The given radar chart displays multivariate data of three or more quantitative
variables like score of respective worker that is mapped onto an axis (Fig. 2).

Total score

S5W5S &0 S1WS

50

SAWE

SAWS

sawa

S4W3

S4W2

S4awW1

5aw7

52W9

SIWE S2W10

S53W5 52wW11

53wa S2wW12

S3wW3 52wW13
53W2 S2wW1i4
S3wW1l S2W15

saw21__ = S2W16
"“!W‘"JEZ’WIQ EPWISh"Wli

Fig. 2 Radar chart showing worker and score
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Plastering work
Qo

Fig. 3 Graph showing plastering score versus workers

3 Results and Discussion

The major factors were identified from literature review and checklist. The
ergonomics risks of workers were calculated using POSTUREZONE, and their
posture score was found out. The maximum posture angles were found out for plas-
tering. The observed angles were 17.0°, 77.5°, 30.8° and 13°, 62.6°, 53° for head,
torso, and pelvis, respectively. After that, the risk score corresponding to environ-
mental factors, repetition, and duration was found out for each worker, and then the
total score was found out. For plastering, 49.68% of angles are in danger. The scoring
chart for plastering is given below (Fig. 3).

4 Conclusion

Awkward posture and repetitive work are the major factors that contribute ergonomic
risk by literature survey [11, 12]. By the statistical analysis using T-Test height was
found out to be statistically insignificant. The relation between various factors is
modeled using regression analysis. The observations for posture were made from
various plastering workers in Kerala construction sites using posture zone software.
Out of 50 observations made for plastering work, it was found that 17 workers were
in negligible risk zone, 6 workers in the medium risk zone, 1 worker in the high-risk
zone and remaining 2 in the very high-risk zone, 24 workers in the low risk zone, 6
workers in the medium risk zone, and one worker was in the high-risk zone. Thereby
from all observations made, 4 people needed immediate action. Therefore, an alert
system can be introduced in sites for preventing musculoskeletal disorder [13, 14].
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Quality Assessment of Building )
and Infrastructure Project Using Taguchi | @i
Methodology

D. Harish, S. Manikandaprabhu, S. Prakash Chandar, and N. Pavithra

Notations

Py Very highly affects the construction quality value
Py Very low influencing on construction quality value
Hy  Signal to noise for smaller to better

Hy;  Signal to noise for larger to better

n Taguchi signal-to-noise ratio

1 Introduction

The construction sector is vital to world financial growth and development, and
it contributes significantly to economic development. The construction industry is
India’s second largest source of gross domestic product after agriculture (GDP). New
and faster building procedures are being created as a result of the advancement of
science and technology.

When it comes to project management, time, money, and quality are the three
pillars that hold it all together. The success of the project is dependent on the effec-
tiveness of the quality management system. Construction quality may be defined as
the achievement of acceptable performance standards by construction operations.
When a product or service satisfies all of the necessary criteria, it is considered to
be of high quality. In the long term, attaining quality in the construction industry is
challenging and has historically been a source of worry. Without the use or improp-
erly use of quality management systems in a firm, the project’s time, cost of work,
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and productivity of progress are compromised. According to Adenuga, Olumide
Afolarin discusses the challenges that limit effective quality assurance processes and
to determine who should be largely liable for ensuring/enforcing effective quality
assurance practises in public housing projects [1]. Polat et al. say the absence of top
level support, dedication, and leadership, an underqualified workforce, and a lack
of an effective team are the three most significant impediments to TQM adoption in
building sector [2]. Modi finds that the lack of quality planning, inspection, delays
in the delivery of supplies, labour, financial difficulties, execution, and the ignorance
and lack of expertise of the project manager are the top most important causes in
quality construction sector concerns [3]. Jha and Iyer speak about the absence of
support from top-level management and less experienced project manager are the
most important factors on the quality performance of a construction project are the
major factors which affects the quality of construction [4]. Abas et al. discuss the poor
quality of construction activities in Pakistan, that leads to cost overruns, delays, and
unnecessary reworking, which are the factors has a negative influence on building
projects [5]. Freddi and Salmon say that Genichi Taguchi’s approach consists of three
design steps which are system design, parameter design, and tolerance design [6].
The methodologies of Taguchi are founded on the notion of parameter design, which
is an engineering method for product or process design that focuses on identifying
the parameter (factor) settings that generate the optimum levels of a quality char-
acteristic (performance measure) with the least variation [7]. Taguchi designs are a
highly effective way for creating processes that run consistently and ideally under a
wide variety of situations. To establish the optimal design, it is necessary to conduct
a strategically designed experiment in which the process is exposed to a range of
design parameters [8]. This Taguchi signal-to-noise ratio in a way that is more precise
than other interpretations. The Taguchi s/n ratio is the most precise representation of
the concept of quality, and it has influenced modern design processes significantly [9,
10]. While statisticians may argue, the signal-to-noise ratio simplifies statistical anal-
ysis, and it is a significant simplification that brings designers closer to statistics [11].
The objective of this research to find out the quality-related factors in construction
projects and to analysis the impact of construction quality loss by Taguchi signal-
to-noise ratio function. The study discusses based on nine main factors influencing
quality of construction activity in south Indian region. The factors were ranked based
on Taguchi signal to noise.

2 Data Collection

With South Indian standard construction companies as the subjects of the research,
this study helped improve the current construction quality to satisfy customer
demands for quality building. The primary objective of this study was to use the
Taguchi signal-to-noise analysis technique on the questionnaire responses of South
Indian construction businesses in order to account for variations in the work experi-
ence of quality officials from the civil sector’s assessment of quality characteristics
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and to combine highly affected factor and least affected factor data S/N ratios in order
to analyse the factor that influences quality performance and to prioritise improve-
ment efforts. The quality attributes of the construction sector are established in this
study by referring to the literature and excepts pilot study. By using a questionnaire
and randomly selected samples, the survey was conducted in various building organ-
isations in the South Indian region. The obtained data was then analysed using the
Taguchi signal-to-noise ratio approach to increase the quality standards of construc-
tion in the southern Indian region. In Table 1, the main nine factors which are affect
the quality of construction are categorised under category A to L.

A direct personal interview and a literature review were used to gather infor-
mation on the elements that impact quality and potential solutions. The results of
the research were compared to those of the direct personal interview and the liter-
ature review. The questionnaires are framed by nine main factors which affecting
the construction quality, in each factors having six sub-factors influencing aspects of
quality in building and management. The Likert scale is used to evaluate all questions.
Numerous aspects of a construction project are assessed on a five-point, two-point
Likert scale with 1 being the least important and 5 the most significant, with 1 indi-
cating no influence and 5 indicating a considerable impact on quality of construction.
As aresult of the size, it was required of the responders that they identify the aspects
that have an impact on quality.

Table 2 shows the demographic information of the questionnaire survey taken
in the Chennai region which includes the details like total number of organisations,
designation of responded, experience, types of projects, and education qualification.

The top level organisation provided 7 responses, the medium level organisa-
tion provided 23 responses, and the low-level organisation provided 17 responses.
Designer, structural engineer, site engineer, chief engineer (government), assistant
engineer (government), project manager, owner, quality engineer, and supervisor
were among the positions held by the participants. The 105 responses received from
people with experience ranging from 0 to 5 years received 39 responses, persons with
experience ranging from 5 to 10 years received 30 responses, peoples with experi-
ence ranging from 10 to 20 years received 18 and some with experience ranging
from more than 20 years received 20. Projects undertaken by the participants include
residential, commercial, industrial, and other developments. Some organisations are
engaged in more than one project within their organisation. Among the respondents’
educational qualifications shown in Fig. 1 include two doctorate candidates, 15 post
graduate candidates, 57 under graduate candidates, and 31 diploma candidates.

3 Taguchi Signal-to-Noise Ratio

Dr. Taguchi recommended that great quality should meet the accompanying neces-
sity, The average and target values of a quality characteristic should be constant,
and the smaller the variation of a quality attribute characteristic would be better for
industries [12]. Subsequently, quality evaluation ought to consider both the effect
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Table 2 Characteristic of respondent

Designation Experience (years)
0-5 5-10 10-20 >20

Design engineer 4 3 2 4
Structural engineer 5 7 2 1
Site engineer 12 5 3 1
Chief engineer 0 0 2 1
Assistant engineer 0 3 5 0
Project manager 2 1 2 4
Owner 4 1 0 1
Quality engineer 7 6 2 4
Supervisor 6 3 0 2

Respondent Qualification
2

= Diploma

m Under Graduate
Post Graduate
Doctrate

15

Fig. 1 Respondent qualification

of normal and difference simultaneously. Harmony showed that S/N proportion has
thought about at the same time the effect of normal and change in the evaluation
of value property and coordinated the investigation results from the two-layered
model into the one-layered model [13]. Thus, S/N proportion has awesome added
substance capacity in quality assessment and forecast. The benefit of S/N proportion
is its capacity to mirror the varieties of the quality ascribes. While executing quality
enhancements, S/N proportion can freely change normal qualities to the objective
qualities [14]. During the process of making quality enhancements, the signal-to-
noise ratio may independently change average values to desired levels. The imple-
mentation of a comparison of the quality’s performance is the goal of the S/N system.
As a result, the S/N ratio may be used to gauge relative quality, and its use is both
straightforward and capable of additive analysis [15]. Taguchi et al. pointed out that
one of the benefits of using S/N ratio is its direct relationship with economy since S/
N ratio is derived and varied into the ratio from loss function. This was mentioned
as one of the advantages of using S/N ratio [16]. The ordered categorical data of
count value data type was used as the measuring level for the satisfaction survey.
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This allowed the researchers to differentiate count value S/N ratios into three cate-
gories: the smaller the better, the larger the better, and the ordered categorical data.
In this study, the features of the count values known as “the larger the better” and
“the smaller the better” were utilised to measure factors affecting the construction
quality performance. These features were used while taking into consideration the
influence of average and variation and combining data on highly influencing and
very low influencing of quality [15]. In the assessment of experience stakeholders in
construction industry, in the design of a questionnaire, a Likert scale is commonly
used to prioritise the real stakeholder impression of factors impacting quality by level.
This study employed the S/N ratio to describe the technique for factor of construction
quality and summarise the questionnaire survey data of experienced employees in
the building sector, using Likert five-point scale data, as given in Table 1, where if
the 5-point scale 1 = 1 to 5, yt represented the number of collected valid question-
naires. Data on the priority level may be converted into the count value data type
in order to differentiate between very strongly influence quality performance and
very lowly influence quality performance [17]. Level 3 (neutral), level 4 (highly),
and level 5 (very highly) as factors affect construction quality and level 2 (least) and
level 1 (very low) as stakeholders’ opinion of factor influence construction quality
attributes. Hence, among collected valid questionnaires, the factor quality attribute
i’s stakeholder very highly affect the construction quality value was hi = yi4 + yi5,
while the factor quality attribute i’s experienced personnel’s very low influencing
on construction quality value was li = yil + yi2 [18]. Calculating the very highly
impacting coefficient psi and the very low affecting coefficient pdi is required for the
consideration of the very highly and very low factors information S/N ratio analysis.
These coefficients may be found in Eq. 1

(yi4 + yi5) (vi2 +yil)
py= 2T TN )
vt yt
where I = 1, 2, 3, ..., n indicates n administration quality ascribes. As indicated

by information transformation of Eq. (1), exceptionally low coefficient pdi was the
smaller the better quality property, as partner assessment factors which is modest
influence the nature of development in south India area; thus, the extremely low
coefficient was the better; the exceptionally high coefficient psi is the bigger the better
quality trait as bigger number addressed the component profoundly influences the
structure quality [16]. After information change, I-th disappointment coefficient’s
S/N proportion can be addressed by Eq. (2), while I-th fulfilment coefficient S/
N proportion was addressed by Eq. (3). Conditions (2) and (3) thought about the
distinctions in impression of various clients as well as considering of the typical
qualities [19].

S/Nui = i = —lOlog(l ph; ) )
— Phi
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Table 3 Likert 5-point scale data summary

Levels 1 2 3 4 5 Total
Level Very low Low Neutral Highly Very high
Number of frequencies | y;; Yi2 Yi3 Yi4 yis Yt
1 —pi
§/Ny = m; = —101log o) (3)
li

The purpose of the log functions of Egs. (2) and (3) was to get the addition
capability, and the “ — ” was to make the quality decision-making consistent while i =
1,2,3, ..., nrepresented n service quality attributes. The greater ny; value represented
better quality, namely the experience person opinion factors highly affect quality
of construction attributes [20]. Meanwhile, the greater nli value represented least
negative influencing factor on construction quality attributes. Fowlkes and Creveling
suggested that the S/N has the advantage of addition [14]. Hence, when measuring
two groups of data under same conditions and calculating their S/N ratios, the results
can be added up when maximising S/N ratio [20]. As aresult, Eq. (4) integrated with
the i-th satisfaction and dissatisfaction data was applied to assess service quality
performance.

Mg = Mhi + M- €]

If the value obtained from the Eq. (4) is higher, then it indicates the factor impact
highly over the construction quality. Hence, this research used it to analyse the
primary element that affects construction quality performance and establish the order
of priority for improvement [17]. This study developed a total of 9 major elements
and 54 sub-factors determining quality construction attributes through a literature
analysis and expert interviews with industrial representatives, government officials,
and scholars, as given in Table 2. We randomly selected samples based on the propor-
tions of construction quality in the south India region to distribute 150 questionnaire
copies and receive 105 copies back at a 70% recovery rate. We have n = 105 valid
samples after deleting 45 invalid questionnaire copies. Table 3 shows the Likert
5-point scale for the number of frequencies.

4 Critical Factors

Through Taguchi signal-to-noise ratio formula, Fig. 2 provides information for anal-
ysis data. When A 1 in contractor factors gives a highest S/N ratio of 14.1088 among
the six sub-factors which highly affecting quality of construction, followed by A 2
with the s/n ratio of 12.7055 in second place. A 3 and A 4 have s/n ratio of 12.6027
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and 10.2593. In lower s/n ratio value, A 5 and A 6 have got 7.6098 and 3.6940 which
are least value in these category A of contractor related factor.

In Category B, management related factor is shown in Fig. 3. B1 gives the higher
S/N ratio and highly affects the construction quality with the value of 14.1044. B2
has the value of 9.8900 of S/N ratio and B3 value which is slightly lower than B2
of 9.7184. B4 and B5 with value of 9.5479 and 7.2231, B6 has got lower signal-
to-noise ratio value of 6.6005 which is comparatively least sub-factor affecting the
quality of construction. In Category C, as shown in Fig. 4, there is a technical issue
to consider. With a score of 12.1424, C1 has a greater S/N ratio and has a significant
impact on the overall construction quality. C2 has a S/N ratio of 11.3239, and C3
has a value of 9.7184, which is somewhat lower than C2’s value of 11.3239. C4 and
C5 have values of 8.3897 and 8.0536, respectively, while C6 has a lower signal-
to-noise ratio of 0.7349, making it the sub-factor that has the least impact on the
overall quality of the construction project. Figure 5 provides information for data
analysis through the use of the Taguchi signal-to-noise ratio algorithm. When D1 in
labour factors provides the highest S/N ratio of 13.4781 among the six sub-factors
that have a significant impact on the quality of construction, D2 comes in second
with a S/N ratio of 11.0016. The s/n ratios for D3 and D4 are 9.8900 and 9.2003,
respectively. D5 and D6 had a lower s/n ratio of 6.6005 and 5.0212, respectively,
which are the least significant values in the category D of labour-related factors. In
Category E material-related factor, Fig. 6 demonstrates analysis value of signal-to-
noise ratio value. Taguchi signal-to-noise value of E1 = 13.2968 which is overhead
among other factors in category E. E2 = 12.3277 and E3 = 11.5173 denote second
and third highest impact sub-factor in category E, E4 = 9.9156 is next significant
factor. Finally, E5 = 8.6034 and E6 = 7.8867 with less signal-to-noise ratio value in
category E factor.

Fig. 2 S/N ratio value of Contractor Factor
contractor factor
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Fig. 3 S/N ratio value of Management Factor
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Fig. 4 S/N ratio value of Technical Factor
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The Taguchi signal-to-noise ratio technique is used in Fig. 7 to provide information
or data analysis. When F1 in equipment factors has the highest S/N ratio of 10.0877
among the six sub-factors that have a massive impact on construction quality, F2 is
second with a S/N ratio of 8.3184. F3 and F4 have s/n ratios of 8.2213 and 7.4707,
respectively. F5 and F6 showed a lower s/n ratio of 6.4342 and 3.3648, respectively,
which are the least severe values in the equipment-related factor category F.

In Category G material-related factor, Fig. 8, the signal-to-noise ratio is analysed.
Taguchi G1 has a signal-to-noise ratio of 14.4185, which is above average when

Fig. 7 S/N ratio value of Equpiment Factor
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compared to other variables in category G. G2 = 9.2448 and G3 = 8.0919 signify
the second and third most important sub-factors in category G, respectively, while
G4 = 7.9234 signifies the next major factor. Finally, G5 = 7.8068 and G6 = 7.3038
have a low signal-to-noise ratio in category G. As seen in Fig. 9, there is an envi-
ronment factor to address in Category H. H1 has a higher S/N ratio (13.3590) and
has a substantial influence on the overall construction quality. H2 has a S/N ratio
of 13.2968, whereas H3 has a value of 9.0309, which is somewhat less than H2’s
13.2968. H4 and H5 have signal-to-noise ratios of 8.6660 and 4.1014, respectively;
however, H6 has a signal-to-noise ratio of 1.6273, making it the sub-factor with the
least influence on the overall quality of the building project. I1 has a greater S/N ratio
and has a significant impact on construction quality, with a value of 16.2878. 12 has
a S/N ratio of 14.0346, whereas I 3 has a value of 11.7803, which is slightly less
than 12.14 and I 5 have values of 11.5361 and 3.7702, respectively, whereas I 6 has
a lower signal-to-noise ratio of 0.5290, which is a relatively minor effect impacting
the construction’s quality.

Taguchi signal-to-noise analysis can identify all the factors that highly impact on
construction quality. The overall impacting variable causing quality of construction
in south Indian construction industry is seen from Fig. 10. Factors are time scale of
the work due to urgency in construction, corruption, and bribery in construction has
second high impact factor in construction, lack of contractor supervision and site
management, lack of top level management support, client satisfaction, lack of skills
(labours), harsh climate condition, lack of inspection and testing, poor soil condition,
lack of management leadership, lack of contractors involvement in quality, selection
of poor quality material, design complexity, mistakes during construction and rework.
Figure 11 shows the top 10 factors that are identified as the most impacted and highly
affecting the quality of construction.
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20 Factors influencing quality
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Fig. 11 Top influencing factors in construction quality

5 Conclusion

A successful building project requires high-quality performance. Increased perfor-
mance may be achieved by examining and enhancing the aspects that have a major
impact on the quality. We identified these parameters in our study and collected
responses from construction experts via questionnaires. The top 10 impact factors
found in Fig. 11 include the following time scale of work (urgency), corruption and
bribery, lack of contractor supervision and site management, lack of top level manage-
ment support, lack of skills (labours), harsh climate condition, lack of inspection and
testing, design complexity, improper inventory management through analysed result
from Taguchi signal-to-noise ratio. The identified factors pertain to general construc-
tion, which includes residential, transportation, and bridge construction, among
others. Professionals should prioritise these elements when completing building
projects. The construction company should use new technology and establish an
effective risk and quality management team [21]. It is necessary to supervise both
the material and work on a daily basis for better quality output [22]. The best way
to increase the quality of construction projects is through introducing high-quality
supply chain management in the project.
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Constructive Project Management )
System in Construction Industry ek

R. Balamurugan, R. Sivakumar, K. Srinivasan, Ravi sankar, and M. Anand

1 Introduction

The importance of project management is significant for all organizations, regardless
of their size. As businesses undertake new projects, they often face challenges related
to cross-functional expertise and the development of complex products, services, and
processes within tight timeframes to maintain a competitive edge. Consequently,
project management becomes a critical and powerful tool for businesses that possess
the necessary understanding and skills to utilize it effectively. When organizations
develop task management skills and implement records management systems, project
management can evolve into a crucial mechanism. It enables enterprise teams to
collaborate, define plans, and effectively manage their efforts to bring products and
services to market. By synchronizing team-oriented tasks, schedules, and resources,
organizations can streamline their operations and stay ahead in the market.

1.1 Construction Development

The building industry encompasses companies engaged in various activities such as
designing, manufacturing, modifying, renovating, maintaining, managing facilities,
demolishing, and recycling building and civil engineering projects. Additionally,
the industry includes the supply of resources necessary for these activities. The
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overall success of this industry relies on the collaborative efforts of both internal and
external stakeholders who adhere to the industry’s regulations, practices, norms, and
culture. In essence, the building industry thrives when all participants work together
in alignment with the established guidelines and shared values.

Businesses that are engaged in the creation, manufacturing, refurbishment,
upkeep, facility management, deconstruction, and recycling of buildings and civil
engineering projects are included in the category of construction improvement busi-
nesses. These firms also provide the necessary resources. These businesses, along
with a wide variety of stakeholders both internal and external, contribute to the
formation and maintenance of the norms, practices, and culture of the industry.

A planned and methodical strategy that aims to improve the efficiency and poten-
tial of a sector is an example of what we mean when we talk about the growth
of the building industry. This comprises efforts aimed at optimizing overall effi-
ciency, as well as enhancing overall construction processes, promoting creativity,
applying environmentally sustainable practices, and creating an innovative environ-
ment. It is absolutely necessary for the industry to make such development efforts in
order to adapt to the ever-changing demands, technical breakthroughs, and societal
expectations. The construction sector may expand its capacities, secure its continued
sustainability over the long term, and make a contribution to the overall develop-
ment and prosperity of the communities it serves if it places a priority on continual
improvement.

2 Review of Literature

Bennett [ 1] conducted a research study to explore the concept of project control within
the production process. The study’s findings revealed that project control comprises
two crucial elements. The first facet is strategic, and it entails gaining a grasp of
the customer’s desired outcomes, elaborating on the purpose, and coordinating this
with the larger commercial enterprise. The second component concentrates on the
necessary tasks that must be completed during the building process. This research
places an emphasis on the significance of these ideas and draws attention to the
interconnections that exist between them. The report comes to the conclusion that
building projects should combine control, design, and production procedures, and
then transform such integrations into clearly defined jobs.

In a separate piece of research, Akinradewo (2019) explores the influence that
building project design has on the wages of contractors. The findings of this study
highlight how critical planning is to the delivery of any project on time and within
budget. It places an emphasis on the necessity of anticipating the nature of the
assignment, identifying potential risks, and allocating the required resources in order
to accomplish the goals of the organization. The investigation used both qualita-
tive and quantitative approaches to research methodology. A well-structured ques-
tionnaire was used to validate the data acquired during the interviews that were
done to collect essential information from respondents. The interviews themselves
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were conducted to collect crucial information from respondents. Quantity surveyors,
builders, engineers, and designers were some of the professionals who took part in
the research.

The results of the study indicated that there is a considerable connection between
construction planning and the earnings that may be made by a contractor on a partic-
ular project. Furthermore, the study emphasized the importance of carefully planned
contracts in reducing waste at construction sites, maximizing labor efficiency,
ensuring timely project completion, enhancing quality, and optimizing resource
utilization. It highlighted that when these elements are effectively implemented,
they collectively contribute to increased profitability for contractors.

3 Research Methodology

The research methodology that will be used for this study will be described in detail,
which will shed light on the way the research will be carried out. This will include
specifics on the methodology of data collecting, the framework for the sampling that
will be used, and the overall design of the study. The method of conducting research
can be efficiently structured, which will ensure that dependable and legitimate results
are obtained, provided that these aspects are determined. In addition, the restrictions
that were placed on the research will be discussed in great detail. For the sake of
maintaining transparency and gaining an awareness of the bounds within which the
findings of the study can be understood, it is essential to acknowledge the limitations
and potential faults of the research. This will make it possible for researchers as well
as readers to critically assess the findings and draw suitable conclusions based on the
information that is currently accessible. This study intends to give valuable insights
to the field of inquiry by outlining the research technique, resolving any limits, and
giving a clear framework for data collecting and analysis. In general, these steps will
help the study contribute to the field.

3.1 Objectives of the Study

The study aimed to assess two aspects related to project management. Firstly, it
aimed to explore the extent to which respondents utilize project information. This
would provide insights into how effectively project data is being utilized in decision-
making and project execution. Secondly, the study aimed to examine the impact of
construction development on project management income. By analyzing the rela-
tionship between construction development and project management income, the
study sought to understand whether improvements in construction practices lead to
financial benefits for project managers. These two objectives together formed the
focus of the study.
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3.2 Hpypothesis

e Respondents drastically range in their stage of use of undertaking facts.
e There is not any great distinction between production improvement and under-
taking control earning.

3.3 Sampling Technique

To acquire the important information, a random sampling technique could be
followed.

3.4 Sample Size

50 samples have been selected based totally on the stratified random sampling
technique.

3.5 Statistical Tools Used

Statistical tools which include the t-test and the F-test had been used.

4 Result and Discussion

The study provides comprehensive data on the average, standard deviation (SD), and
F-value regarding the level of task record usage among the respondents. The calcu-
lated F-value indicates a significant difference in the respondents’ level of venture
information usage. Based on this, the alternative hypothesis is accepted, and the null
hypothesis is rejected. The computed F-value of 4.20 is deemed significant at the
0.01 level. Therefore, it can be concluded that the respondents utilize project records
to varying extents (Fig. 1; Table 1).

Table 2 provides a comprehensive overview of the implications, standard devia-
tion (SD), and t-value regarding the influence of the respondents’ stage of production
development on project management earnings. The obtained t-value (3.16) demon-
strates a significant difference in the impact of the respondents’ level of construction
development on project management income. The significance level of 0.01 further
supports this finding. Consequently, the alternative hypothesis is accepted, while the
null hypothesis is rejected. Based on these results, it can be inferred that the level of
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Table 1 Showing mean, S.D, and F-cost for respondents level use of assignment facts

Information producer Mean S.D F-value P-value

Client 5.89 1.42 4.20 0.01 Significant
Architect 4.12 1.03

Engineer 6.37 2.07

Quantity surveyor 3.14 0.85

Material suppliers 6.48 2.13

production development among the respondents has a substantial impact on project
management profit (Fig. 2).

Table 2 Showing mean, S.D, and t-price for respondents stage of construction development have

an effect on in task management profit

Opinion Mean S.D t-value P-value
Yes 5.23 1.74 3.16 0.01
No 241 0.63 Significant
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5 Conclusion

The evaluation of project management in relation to the enhancement of output is
going to be carried out in the context of this present look at. Project management on
a wide range of scales has been successfully implemented over the course of many
years. The purpose of this study is to investigate the effect that creation development
has on the earnings of project management. In the course of the research, a method
known as stratified random sampling was utilized to collect fifty different samples.
The researcher utilized statistical methods including t-tests and F-tests in their work.
According to the findings, variations in the levels of production development of
the respondents have an effect on the income generated by project management. In
addition, the research indicates that project managers are in possession of distinctive
skills and values that enable them to actively encourage creation improvement at
many levels, including initiatives at the grassroots level. The project management
team for the production improvement program has undergone essential training and
possesses sufficient knowledge, skills, and experience to effectively manage a project.

Findings

The discovering of the study changed into that the outcomes found out that respon-
dents differed of their diploma of use of challenge statistics. Further consequences
propose that there may be a giant distinction inside the respondent’s level of construc-
tion development’s effect on assignment administration income. The calculated t-
price (three.16) is widespread at the zero.01 degree. As aresult, the exchange hypoth-
esis is widely accepted and the aforementioned null hypothesis is disproved. Thus,
it has been determined that respondents’ levels of production development have an
impact on their income from project management.
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Scheduling Time and Cost by Integrating | M)
Quality and Risk in Construction oo
Projects

N. Sai Krishna and S. M. Renuka

1 Introduction

Construction projects involve many challenges such as the inflation of materials
prices, accidents, reduced investment in the real estate sector, the effect of natural
disasters, and improper estimation of the project budget. These challenges may be
solved by properly taking care of quality and risk in any construction work. Risk and
quality are important parameters for the good execution of a construction work [1].
Lack of risk and quality controls may have an impact on output and workmanship [2].
The cost and duration of a project may increase if these two criteria are balanced [3].
Thus, it is crucial to consider duration, expense, and value factors in tandem during
the initial process. Instead of using MS Project’s scheduling software, a technique to
tackle multi-objective scheduling problems using Matlab’s software can be used to
build an optimized decision-making model. Although risk and quality exert signifi-
cant role in enhancing productivity during implementation of the project, these two
parameters together have not yet been undertaken in most of large scale scheduling
problems [4]. Due to this, many defects occur in construction which is covered in
Fig. laand b.

The study’s main objectives are to construct a scheduling model to solve compro-
mise issues between duration, expense and quality to (1) incorporate quality and
risk into a scheduling model. The scope includes a framework model for quality and
risk in a building project that was developed for scheduling problems with time and
expense. This methodology enables multi-objective optimisation solutions and the
resolution of large-scale scheduling problems.
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Fig. 1 a Quality defects in construction, b Risk defects in construction

1.1 Literature Review

The review of the literature is presented subsequently along with development of
model. After the analysis of results in detail, conclusions with findings have been
done and presented.

1.2 Review of Trade-Off

When solving the multi-objective scheduling problem, Alavipour and Arditi [5] and
Feng et al. [6] deal with time and cost in their main research. In most of the trade-off
problems, quality and risk were taken as independent factors.

1.3 Trade-Off Time Cost Quality Models

Babu and Suresh [7] have told that quality may be affected by crashing the activity.
So, he made a scale from 1 to 0 to measure the quality of the overall project, where
0 represents fully crashed activities and 1 represents normally crashed activities. In
other study by Khang and Myint [8], three linear programming models that optimized
one parameter and used other parameters as boundary conditions were used in a
factory that made cement. Ghodsi and Skanderi [9] categorized the [8] dilemma as a
continuous TCQ trade-off problem. El-Rayes and Kandil [10] developed a 3D model
to solve the TCQ problem using a genetic algorithm. In his study, different quality
indicators were taken into account to measure quality. Afshar et al. [11] used the
quality indicators from research done by El-Rayes and Kandil [10] and developed
a model using the ACO algorithm to generate Pareto optimal solutions with the
minimum number of iterations.
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1.4 Time Cost Risk Models that Trade-Off

Only a few studies have examined TCR trade-offs. Lakshminarayanan et al. [12]
proposed a multi-objective optimization model (MOOM) to minimize the time and
cost of projects (inclusive of risk) as a multi-objective optimization of time cost
risk. From the results, it is found that the model proposed gives fine results when
compared to MAWA and comparable results when compared to MOACO. Asadabadi
and Zwikael [13] have integrated risk into estimations of time and cost through
concept of stratification. The results provide a unique structure that is capable of
considering uncertainty related to events and by determining specific activity’s esti-
mated time and cost, the project’s estimated time and cost can also be calculated.
Nwaneri and Anyaeche [14] suggest an optimization methodology for TCQR in trade-
off projects utilizing a genetic algorithm with several targets. The findings of this
study demonstrate that solutions with Pareto optimality were produced, from which
the decision-maker can select a sample 18-activity project based on his preferences.
A study titled integrating quality and safety in construction scheduling time—cost
trade-off model was written by Panwar and Jha [15]. According to this study, an
evolutionary algorithm was developed in an effective manner to optimize time and
cost.

1.5 Multi-Objective Optimization Review

A work titled multi-objective optimization of time—cost-safety using genetic algo-
rithm aims to design an optimization model that simultaneously reduces overall safety
risk (OSR), total cost, and time. The OSR of non-dominated solutions is improved
by assessing the risk techniques and applying it into TCO issues, according to the
results. Quality and risk information had previously been presented independently
in studies using trade-off models.

2 Methodology

2.1 Formulation of Problem for Scheduling the Project
Involving Construction

Time: Time refers to a project’s duration, which is commonly expressed in calendar
days, weeks, or months. The length of the project as a whole plays a significant role
in defining the project’s cost, quality, and viability.
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Objective 1: Optimization of Time:

T = Zticp 1)

where T is the project’s overall duration.
The duration associated with each activity on the critical path is known as ticp.
Cost: Cost in construction refers to the amount of money required to complete
a construction project. This can include expenses related to materials, labour,
equipment, permits, and contingencies.

Objective 2: Optimization of Cost:
C = (DCi + ICi), 2)

where C is the project’s overall cost.

DCi stands for direct project costs.

ICi stands for the overhead or indirect cost.

Quality: The level of perfection and consistency attained in the construction
process and the final result is referred to as quality in construction.

Objective 3: Optimization of Quality

,
0=> w (w,xqp) 3)
p=1

where Q represents the project’s quality and wi is the activity’s weight.

For the third quality indicator, wp stands for the weight of the eighth activity.

qi, p = performance of the ith activity’s quality indicator value for the pth quality
indicator.

Risk: Risk in construction refers to the uncertainty and potential for loss associated
with a construction project.

Objective 4: Optimization of Risk:

K

Ri =) (Lix S ©)

k=1

where R; is the risk posed by the action; L; = Probability of kth risk

Sy is the kth risk’s severity index.

In risk management, the likelihood of risk is often evaluated on a scale, such
as remote, unlikely, possible, likely, probable, and highly probable to provide a
qualitative assessment of the risk with values (1, 2, 3, 4, 5, 6). The impact of a risk
is frequently assessed in risk management using a scale with categories like illness,
minor injuries, accidents, serious injuries, and reportable injuries and fatality.
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Fig. 2 ACO modelling for TCQR trade-off flow chart

2.2 Developed Multi-Objective ACO Model

The development process of the ACO model is shown in Fig. 2

2.3 List of Overall Data from Residential Buildings
and from Large Scale Commercial, Industrial Buildings

Table 1 discusses the overall cost, time, risk, and quality obtained from five residential
projects. Comparing the five projects, the project 1 has the lower time and cost. Project
5 has the higher quality, whereas the fourth project has the minimum risk. Table 2
discusses about the overall data obtained from twelve G+3 commercial, residential,
and industrial projects. These data are calculated from the optimization equations.
Comparing the twelve projects, the 7th project has lower time and cost, max quality
than risk. The eighth project has the maximum quality and less risk. So, in both cases,
the optimal solution is required to minimize time and cost with respect to maximizing
the quality and minimizing the risk.

2.4 Optimal Solution Obtained from ACO Algorithm

The variations of TCQR for five residential projects and twelve large-scale residen-
tial, commercial, and industrial projects were shown in Figs. 3 and 4. The optimal
solutions obtained using ACO algorithm is also represented in figures. From this, it
can be interpreted that, among the 5 projects, the fourth project shows the optimal
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Table 1 List of overall data collected from five residential projects

S. No Time (in days) Cost (in Rs) Quality (in %) Risk
1 105 1,794,000 85.73 293
2 185 5,152,000 80.83 254
3 257 34,500,000 88.14 268
4 150 46,500,000 82 151
5 178 2,774,614 94.42 312
Table 2 List of overall data
S. No Time (in months) Cost (in Rs) Quality (in %) Risk
1 18 30,000,000 82.28 186
2 12 30,000,000 85.76 208
3 10 17,662,880 94.23 150
4 12 29,100,000 79.72 200
5 12 42,300,000 93.5 172
6 8 32,850,000 86.81 208
7 7 4,049,526 924 116
8 28 13,623,537 94.36 75
9 29 15,920,975 93.24 94
10 24 9,227,991 85.24 94
11 18 32,500,000 93.56 84
12 30 11,006,984 90.81 94

solutions and among the 12 projects, the second project shows the optimal solutions

regarding Time, cost, quality and risk.

A residential project data for 31 activities with sufficient data were collected and
checked for optimizing time and cost with respect to constraints quality and risk in

order to validate the model developed using ACO.
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Fig. 3 TCQR plot of residential building
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Fig. 4 TCQR plot of large-scale commercial, industrial buildings

3 Results and Discussions

The simulation findings are explained in this section using an example. This requires
performing and fine-tuning the optimisation algorithm’s parameters, which include
alpha, beta, rho, Q, and ants.

3.1 Verification of the Model

ACOis contrasted with SA and HC algorithms in Table 3. The optimal solutions found
using ACO are 150 days, Rs.5152000, 94.42%, and 268. From SA algorithm, the
values are 300 days, 30,105,510, 90.58, and 238.6. From Hill Climbing algorithm, the
values are 150 days, Rs 44,953,504, 80.42%, and 138.76. From these comparisons,
ACO has the best solutions regarding time, cost, and risk. In terms of quality, SA has
the best solutions. So, our aim is to, with respect to constraints risk and quality, the
time and cost must be reduced. So, ACO will be the best algorithm to be preferred
compared to the other two regarding optimization of time and cost.

The optimal solutions at various stages of construction were interpreted in Fig. 5
using ACO algorithm as it is the best algorithm. From the Figure, it can be interpreted
that, there is more time required in the planning and design stage with less quality
and risk. So, if ACO is applied first itself in this stage, The TCQR variations in the
next stage, i.e. substructure stage can be reduced. Thus, the optimal solutions can be
obtained at all the stages.

Table 3 Comparison of ACO with other algorithms

Algorithm Optimal Solution

Time (in days) Cost (in Rs) Quality (in %) Risk
ACO 150 5,152,000 94.42 268
Simulated annealing 300 30,105,510 90.58 238.6
Hill climbing 150 44,953,504 80.42 138.76




198 N. S. Krishna and S. M. Renuka
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Fig. 5 Optimal solutions of TCQR for different stages of residential building
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Fig. 6 a Trade-off curve for TCQ, b Trade-off curve for TCR

The TCQ and TCR trade-off graph depicts the link between time required to
complete a project, its cost, and the quality and degree of risk involved. Time, money,
and quality are the three axes of a graph. The cost of a project rises as it takes longer
to finish, and depending on how the project is handled, the quality of the product
may also rise or fall. Similarly, the level of risk involved with it may also rise or fall.
In this case study, let us check the optimality of time and cost with respect to quality
and risk through TCQ and

TCR trade-off graph shown in Fig. 6a and b. Interpreting these trade-off graphs is
important because it helps project managers to make informed decisions about how

to manage their projects.

3.2 Correlation Analysis

Correlation Analysis: The following steps can be used to analyse the correlation
between variables using SPSS: Open your data set in SPSS after launching it. Choose
“Correlate” from the “Analyse” menu in the top menu; Select “Bivariate” under
“Correlate” in the menu. Using the arrow button, move the variables you want to
correlate from the left column to the right column. If you want to use Pearson’s
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correlation coefficient, which is suitable for continuous data, tick the box for “Pear-
son” under “Correlation Coefficients.” To carry out the correlation analysis, click
“OK.” A correlation matrix that displays coefficients of correlation between each
variable’s pairs will be produced by SPSS. You can also get the p-values for each
correlation coefficient to determine the correlations’ statistical significance. A -ve
correlation represented by —1, 4 ve through 1 and no correlation by 0. For this, select
“Sig. (2-tailed)” from the “Options” drop-down menu in the “Bivariate Correlations”
dialogue box. The correlation matrix will gain p-values as a result. The results are
given in Table 4.

A 0.05 level of significance (2-tailed) for correlation.

The following conclusions can be drawn from the table:

Time and expense: Time and cost are not linked as indicated by —0.403. There is a
tendency, even though it is not at the proper level of 0.05,that may suggest that cost
tends to decline as time passes.

Time and Quality: Time and quality are + vely correlated, with a 0.194. In this
data set, there is a correlation between time and quality, although it is not significant.
Hence, this association is not noteworthy.

Time and Risk: The inverse link between time and risk is too significant, with 0.703.
This shows that the safety risk score decline as time goes on.

Cost and Quality: There is a pattern that shows that quality tends to drop as expenses
rise.

Cost and Risk: Cost and risk are positively correlated, as shown 0.648. According
to this, cost tends to drop as risk increases.

Quality and Risk: A correlation value of —0.617 shows a negative connection
between quality and risk, indicating that as quality rises, the safety risk score tends
to decline.

In general, these correlations shed light on how the variables are related to one
another. For instance, increasing time may cause the safety risk score to fall, while
increasing cost may cause the safety risk score to increase.

Table 4 Parameters of time, money, value, and danger for correlation

Parameters Time Cost Quality Risk
Time 1 —0.403 0.194 —0.70
Cost —0.403 1 —0.236 0.648
Quality 0.194 —0.236 1 —0.617
Risk —0.703 0.648 —0.617 1
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4 Summary

The performance criteria that influence duration and expense of any project are
quality and risk. A MOSP that incorporates these criteria offers a comprehensive
building schedule. However, it wasn’t noted in earlier research. This was because of
the potential for exponential growth as activities rises. On the basis of ACO, a multi-
objective optimisation model was developed to manage it. The trade-off between
objectives is addressed by the model. A study on TCQ and TCR gathered from
the literature was conducted to show the model’s supremacy. The achieved solution
shows that the model is capable of handling MOSPs. The proposed model also offers
the ability for the construction stakeholders to include parameters of interest and can
handle more than three objectives. It has been found that an approach with several
schedules optimizes all four goals. This would make the makers of decision to utilize
the optimized model throughout the project’s actual planning phase. Construction
projects in the real world are fraught with ambiguities and uncertainties; therefore, it
would be exciting to see the model put to use in a scenario of probabilities and data
sets with fuzzy logic for the TCQ trade-off.

Future research may focus on finding sensitivity analysis and to compare the
solution with Pareto optimal solutions and hence optimize the cost.
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Flexural Behavior of Reinforced Beam )
Mixed with Copper Slag and Jute Fiber oo

V. Swaminathan, R. Ramasubramani, P. T. Ravichandran,
and Rakshit Srivastava

1 Introduction

In nowadays, structural concrete is widely employed in the construction of many
types of structures, with approximately one tonne consumed for every living human
being. Due to its flexibility, toughness, sustainability, and affordability, the world’s
most popular building material is concrete. The civil engineering industry dealt with
material alteration by the substitution of industrial waste material and industrial by-
products as a full or partial basis. In comparison to traditional cement, concrete
constructed with such components showed improved usefulness and strength and
has been used in the production of high intensity, artificial plant, and underground
projects. “High performance concrete” is a concrete mixture that meets certain
characteristics developed for a specific environment, such as high durability, high
strength, and high workability, as well as the addition of additives such as chemical
and mineral admixtures, and is designed to outperform ordinary concrete. The rela-
tive mixes of new materials under development in the qualities are referred to as high
strength concrete. Fiber-reinforced concrete was developed after it was discovered
that adding small, tightly spaced, and uniformly dispersed fibers to concrete would
function as a crack arrester and significantly increase the concrete’s compressive and
flexural strength qualities [1].
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1.1 Copper Slag

Sometimes copper slag can be used in place of some of the natural sand while
making concrete. Stones made from copper slag are used in building. The interested
parties’ copper smelter produced crystalline copper slag that was heavily used for
road construction in locations where burning was practiced. The heating and draining
capabilities of granular slag can be used to prevent this winter’s floor frost, which
could result in pavement fractures [1]. The usage of this slag reduces the number
of main raw materials used and the depth of development, lessening the structure’s
energy requirement. The manufacturing of grating equipment and the sand impacting
sector both make extensive use of copper slag, with the remainder being wasted with
no further use or recovery. A by-product of smelting and processing copper matte is
copper slag [2].

1.2  Jute Fiber

Jute fiber is a multi-composite composite consisting predominantly of cellulose,
glucans, and lignin, with traces of nutrients another inorganic. Jute has a high tensile
strength in comparison to other fibers including sisal, bamboo, coir, and hemp. Apart
from its tensile strength, jute fiber is also heat resistant. The natural fiber is 100%
compostable as well as recyclable, offering it an environmentally friendly option.
Jute is a golden-colored natural material with a smooth feel, earning it the moniker
“golden fibers.” The line with the basic nor skin of both the plant stem is used to make
jute, the cheapest agricultural fiber [3]. Jute is ideal for agricultural commodity bulk
shipment due to its high strength, moderate extensibility, and increased breathability
of textiles. It helps to make growing industrial fiber fabric, meshes, and bags (Figs. 1
and 2).

Fig. 1 Copper slag
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Fig. 2 Jute fiber

Table 1 Optimization of Bl Conventional beam

fibers
B2 Copper slag 20%, Jute fiber 0.5%
B3 Copper slag 30%, Jute fiber 1%
B4 Copper slag 40%, Jute fiber 1.5%

2 Materials Used and Mix Proportions

Copper slag was substituted for the fine aggregate in the mix in accordance with
Indian Standard IS 12269:1987, along with regular Portland cement (53 grade),
coarse aggregate, and water size is 10 mm aggregate and jute fiber is an overall
addition, superplasticizer (Conplast SP430) to compare things. When combining
and curing, water was utilized. And we are casted different mix proportions on M80
grade of concrete with conventional beam, (20%, 30%, 40%) of copper slag and
(0.5%, 1%, 1.5%) of jute fiber (Table 1).

3 Design and Details of Beam

The details of the beams we are molded beam size of 2000 x 200 x 250 mm. And
we casted four beams for different mix proportions. Four beams were created in each
case as single-reinforced beams (Fig. 3; Table 2).

And we have provided a main reinforcement 4 nos of 10 mm dia bar, 2-legged—
8 mm dia bars as stirrups, vertical stirrups 2 legged—8 mm dia spacing @ 150 mm c/
¢. And nominal cover 25 mm (Fig. 4).
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Fig. 3 Molded beam
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Table 2 Mechanical

properties of materials S. No Index of materials I Values
Cement
1 Specific gravity of cement 3.14
2 Standard consistency 31%
3 Setting time and initial setting time | 35 min
Fine aggregate
4 Specific gravity 2.68
5 Fineness modulus 2.14
6 Sieve analysis zone ZONE—II
Coarse aggregate
7 Specific gravity 2.87
8 Fineness modulus 3.1
Copper slag
9 Specific gravity 33
10 Fineness modulus 3

Fig. 4 Reinforcement of beam
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Fig. 5 Schematic diagram of flexural test beam arrangement

3.1 Properties of Concrete

In mechanical properties of materials as like, cement, fine aggregate, coarse aggre-
gate, copper slag, jute fiber is tested a specific gravity, standard consistency, setting
time and initial setting time, and fineness modulus.

3.2 Specimen Preparation and Instrumentation

Molds made of plywood were constructed based on the anticipated beam size. And
through a hydraulic jack, we lift a beam place it on testing frame. And we setup a
beam in testing frame in support position. And making a beam it is 2000 x 200 x
250 mm in that 10 mm cover, 600 mm from cover at both side marks at top of the
beam [4-7]. And set a center of beam on testing frame, and set a hydraulic jack on a
beam, set a proving ring, dial gauge, strain indicator on over a surface on the beam
(Fig. 5).

3.3 Testing of Flexure Beam

The beam was painted white before testing, and a strain gauge’s mounting point was
marked in exterior surface of concrete, effective span, and neutral axis (Fig. 6).
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Fig. 6 Flexural testing
frame

4 Results and Discussion

4.1 General

All of the beams’ flexural behavior exhibited normal structural characteristics. The
inside and outside margins of the beams or rod are the “extreme fibers.” The greatest
tensile stress a beam or rod can sustain before breaking is its ability to bend since
nearly all substances fail with tensile stress earlier compressive stress [8, 9]. If the
substance was homogenous, the flexural strength and tensile strength would remain
the same. In actuality, most materials include minor or significant flaws that operate
to concentrate pressures locally, resulting in a localized weakness. Only the extreme
filaments of a material experience the greatest stress during bending; therefore, the
substance’s flexural strength will depend on how strong the intact “fibers” are. All
of the material’s fibers would be stressed equally if just bending forces were used,
and failure would begin when the most fragile fiber reached its maximum tensile
stress. As a result, flexural strengths are usually greater than tensile values for the
same material. A homogenous material, on the other hand, may have a higher tensile
strength than flexural strength if the only imperfections are on its surface (Fig. 7;
Table 3).

2000
R 1950 A

Fig. 7 Reinforcement of beam
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Table 3 Beam details (2000 x 200 x 250 mm overall)

Beamno |Beamtype |Tension Nominal /compressive | Area of P = Ast/
reinforcement | reinforcement (mm) tensile, bd (%)
nos and Ast (mm?)
size (mm)
Bl Singly 2Y10 2Y10 153.15 0.3
reinforced
(CC and
CSJFC)
B2 Singly 2Y10 2Y10 153.15 0.3
reinforced
(CC and
CSJFC)
B3 Singly 2Y10 2Y10 153.15 0.3
reinforced
(CC and
CSJFC)
B4 Singly 2Y10 2Y10 153.15 0.3
reinforced
(CC and
CSJFC)

CC—Concrete control, CSJFC—Copper slag jute fiber concrete, P-Percentage of
reinforcement, Y—High yield strength deformed bar.

4.2 Ultimate Loads

Tables 4 and 5 provide the measured loads, moments, theoretically designed loads,
and moments at the service stage and ultimate phases. As advised by and IS 456:2000,
the theoretically calculated moment for the beam was anticipated [10]. It is discovered
that the tests’ last moment was approximately from B2, B3, B4 is higher than CC
beams 20-70%. And compare to experimental loads and theoretical.

4.3 Deflection Behavior

Generally, the load—deflection patterns of all beams were comparable. In Table 6,
comparison of deflection of beam on service stages in experimental deflection is
taken through the reading test a beam permissible deflection as per IS 456:2000
[10]. Through these values, we calculated a (Aexp/Aper) and span/Aexp. Through
this, we can able to plot a graph load vs deflection for all the mix proportions and
comparison graph of for all the mix proportions. And beam as high strength concrete
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Table 4 Comparison between experimental and theoretical values at service stage

Beam no | Neutral axis | Experimental values Theoretical values Capacity

depth in mm ratios of
beam
Load inkN | Momentin |LoadinkN |Momentin | (exp/theo)
kNm kNm

CC 11.64 110 55 86.79 36.54 1.27

B2 11.64 120 60 115.68 64.28 1.04

B3 11.64 130 65 126.87 88.74 1.02

B4 11.64 140 70 138.98 98.52 1.01

Table 5 Final stage comparison of experimental and theoretical values

Beamno | Neutral axis | Experimental values Theoretical values Capacity
depthinmm |y ,4in kN |Momentin |Loadin Kn | Momentin |ratiosof
kNm kNm beam
CcC 11.64 110 55 34.2 32.48 1.7
B2 11.64 120 60 59.54 55.38 1.08
B3 11.64 130 65 85.39 74.96 0.76
B4 11.64 140 70 98.67 92.45 0.8

Table 6 Comparative analysis of beam deflection at service stage

Beam no Experimental As per IS: 456 permissible Aexp/Aper | span/Aexp
deflection (Aexp) deflection (mm)

CcC 18.43 8 2.304 109

B2 21.87 8 2.734 91

B3 19.13 8 2.391 105

B4 23.98 8 2.998 83

so deflection is maximum in B4 (Copper slag 40%, Jute fiber 1.5%) (Figs. 8, 9, 10
and 11).

4.4 Ductility Behavior

In this work, displacement ductility was looked at as well. Table 7 lists the beams’
ductility values. The displacement ductility ratio is calculated using the equation 1
= uly, where y is the angle of deflection at the instant when steel gives and u is
its deflection at the final moment. High ductility ratios often mean that a structural
part can endure significant deflections before failing. In this analysis, it was found
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that each beam’s ductility ratio was more than, suggesting very good ductility. This
study suggests that structural elements exposed to significant displacements, such as
sudden stresses from an earthquake, should be thought about using members with
displaced ductility in a range of 3-5. As was predicted, it was shown that a greater
tension reinforcement ratio (3.89%) causes less ductile behavior in this investigation
as well. This agrees with the findings of other researchers.
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Table 7 Experiment displacement ductility

Beam. | Yield stage displacement Ay Ultimate stage displacement Au Displacement

No ductility ratio
Moment (kNm) | Deflection (mm) | Moment (kNm) | Deflection (mm) | u = ﬁ—;

CcC 12.5 3.48 70.8 23.98 5.66

B2 15.6 4.19 65.4 19.13 4.19

B3 17.8 5.12 60.8 21.87 3.42

B4 18.2 6.46 55.2 18.43 3.03

Table 8 Beam cracking characteristics

Beam. | Simulated crack Allowed crack width (mm) | Mean crack | Crack count

No size (mm) according to IS 456: 2000 | spacing between loading
At service | At failure | 0.4 (mm) points
moment moment

CC 0.28 1.58 0.4 78 4

B2 0.34 0.96 0.4 82

B3 0.57 1.42 0.4 94

B4 0.78 1.67 0.4 128 10

4.5 Cracking Behavior

The tension reinforcing level was used to measure the crack width at each load
increment, and the crack forms were noted on the beam. The initial gradient of the
moment-deflection curve is assumed to abruptly change at the first crack moment. In
order for structural parts to function as intended, there shouldn’t be a lot of cracking.
Wide fissures make a member far less rigid, encourage the entry of dangerous chemi-
cals into the material, are ugly, and might worry residents. Depending on the exposure
circumstances, the maximum permitted crack widths specified by various codes of
practice typically range between 0.1 and 0.4 mm IS 456:2000 [10]. It was observed
that the first fracture consistently developed toward the middle of the beam’s span.
The surface on the beams developed vertical fissures, a sign that the failure mode of
the beams is flexure. Refer from shown Table 8 (Figs. 12, 13 and 14).

5 Conclusions

Copper slag with jute fiber exhibits similar flexural behavior to other forms of
concrete. All beams displayed typical structural behavior during flexure. There are
no instances of bond failure, according to the horizontal fractures that were noticed.
For ratios of reinforcement up to 3.14%, the IS 456:2000 can be used to produce
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a suitable load factor against failure and a conservative estimate of the ultimate
moment capacity. Under the planned service loads, the deflection is acceptable and
falls within the permissible range specified by IS 456:2000. Larger beam depths may
be used for concrete reinforcing ratios with high strengths. Fibers are frequently
added to concrete to avoid cracks brought on by drying loss and plastic shrinkage.
Concrete may be made using copper slag in place of some of the fine aggregate or
cement. Concrete’s density is increased by employing copper slag in place of fine
aggregate, which also enhances the material’s self-weight. In addition, strengthening
of jute fiber increases a hardness and tensile strength. The average thickness of the
jute fiber was 2.0 mm. Through this, study on flexural behavior on reinforced beam
on different mix proportions on M80 grade of high strength concrete had been tested
on ultimate loads, deflection, cracking, ductility of beam. So maximum loads and
maximum deflection occur on B4 (Copper slag 40%, Jute fiber 1.5%). And any
researches are going on investigated on copper slag as practical replacement of fine
aggregate and jute fiber has as increase a tensile strength on concrete.
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An Ergonomic Risk Evaluation )
of the Construction Industry Based L
on Specific Factors

G. Nakkeeran, V. Kamala, and L. Krishnaraj

1 Introduction

The term “ergonomics” is derived from the Greek terms “ERGON” and “NOMOS,”
which represent “labour” and “principles or laws,” respectively. As a result,
ergonomics literally means “the rules of labour” [1]. It is necessary to do scientific
research that considers how humans perform their task in the workplace. Human
behaviour, abilities, circumstances, working conditions, and the surrounding envi-
ronment all play a role in this field of study. The application of this research is
aimed at increasing worker well-being, safety, and health, as well as output and effi-
ciency. It is the study of human behaviour in relation to his work that is the focus of
ergonomics [2]. An individual at work in relation to his physical surroundings is the
subject of this investigation. When it comes to ergonomics, the most fundamental
principle is adapting tasks to the human body. A multidisciplinary field, ergonomics
relies on physiology, psychology, and several technical disciplines to form its theo-
retical framework. “Designing the job to fit the worker, rather than forcing the worker
to fit the job,” according to Occupational Safety and Health Administration’s defi-
nition of Ergonomics. Building construction equipment nowadays is the result of
centuries of hard work by human beings. Although the use of professional tools
is inevitable in building and construction, the methods of employing the body for
completing tasks are critical [3]. Working conditions that are hazardous to workers’
health and the economy are exacerbated by subpar construction procedures. As a
part of the IEA’s 13th triennial congress, Koningsveld and van der Molen presented
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at Tampere’s International Symposium on Ergonomics in Building and Construction
on the history and future of this field [4]. International Ergonomics in Building and
Construction Symposium outcomes might be taken as a major shift in work practises,
conditions, and organisational structures is needed to ensure the long-term viability
and health of the construction sector and its workforce. Ergonomics can aid in the
development of a secure future. Ergonomics knowledge and principles are therefore
crucial for improving working styles and creating a secure working environment for
employees [5].

1.1 Statement of Issue

Figure 1 shows construction industry is risk industry compared to other industry.
Keeping construction employees safe and healthy can be a challenge due to the
industry’s diversity, adaptability, and dynamic nature. Workplace accidents, diseases,
disabilities, and even deaths are common in the construction sector due to the hazards
posed by the projects’ complexity and breadth of scope [7, 8]. From 1990 to 1998,
Washington State’s launched initiative ranked roofing, masonry, tile setting, plas-
tering, and concrete construction among the top three jobs across all other industries.
The Standard Industrial Classification has designated twelve high-risk industries
based on their prevention index, which is a mix of musculoskeletal injury occurrence
rate and total number of injuries. The construction business has the worst occupa-
tional safety and health records of any industry. 6% of the workforce is employed
in the construction business, while 10% of occupational injuries and 21% of occu-
pational deaths occur in this sector, according to accident (1998) [9, 10]. According
to the Bureau of Labour Statistics (BLS) in terms of time away from work and lost
time, construction workers ranked fourth in 2000 due of musculoskeletal ailments.
While construction workers took an average of 10 days off every year, the rest of
the workforce took an average of 7 days (BLS, 2000). Data collected from Scopus
using the keyword “ergonomic in the construction industry” analysis done for future
direction shown in Fig. 2.

Fig. 1 Injury rate in

comparison with another Other, 33
industry to construction

industry source from HSE

(6]

Construction, 30

Waste, 14 Agriculture, 27

Transport and
Storage, 14

Manufacturing, 19
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Fig. 2 Key finding map

1.2 HSE Dependent Variables Occupational Risk Factors
for Remarks

> Anxiety (85.3%) Awkward postures due to the weather and physical exertion,
such as climbing, stretching, kneeling, and reaching overhead 4 > The area around
the nose (91.8%) A stooped posture, a lack of rest, a climate that makes it difficult
to move around, an abrupt change in position, and extended standing and sitting >
In the vicinity of the (87.8%) Lengthy periods of time spent sitting or standing in
one position, as well as an uncomfortable posture, all contribute to poor posture. >
Distal portions of the body (81.6%) posture, climate, static posture, and standing
for lengthy periods of time, and equipment all contribute to poor health. > Roughly
(83.7 per cent) Bending, stooping, and then rapidly rising to a standing posture > The
knuckles (83.7%) Sudden shifts in position and difficult posture, such as climbing,
kneeling, or crouching > The backbone (89.1%) static posture, rapid changes in
position, stooping, bending, and other such physical adaptations > Hip-hop (81.6%)
instruments, rapid movement, extended sitting and standing, a static posture, as well
as mountaineering > A person’s knees (76.5%) Temperature, weather, and static
posture are all factors in a climber’s ability to reach overhead. > Legs, specifically
the ankles (75.4%) Excessive bending, crouching, and kneeling, as well as extended
sitting and standing [11, 12].

The construction industry is a major employer in the country many people in its
workforce. Unfortunately, workers in this industry are victims of occupational disor-
ders with hormonal dysfunctions and psychosocial stresses. Through the contractor’s
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perspective, we aim to reduce the impact of ergonomic difficulties on construction
employees and create healthy and successful workplaces [13, 14]. Every literature
explains about an ergonomic risk in single factors affected safety in construction
industry. Based on literature, collect a risk in basic factor to explain a collected phys-
ical, psychological, environmental, safety formed a risk assessment in construction
industry solved by an RII in Relative Importance Index.

1.3 Objective and Scope

> To identify the ergonomic risk factors in the construction industry. > To reduce
worker issues and increase work efficiency. > A construction sector focus is the
primary focus of this study’s research is to assess ergonomic risk factors in building
construction. > Proposing suggestions to mitigate ergonomic risk.

2 Methodology

The study was selected after the area was decided. Researchers looked at all the
relevant material on the subject that has previously been published in journals articles,
books and websites. Based on literatures, identify a risk assessment for construction
industry. In addition to collected information of research was conducted by means of
questionnaires and one-on-one interviews. Data was analysed through interviews and
questionnaires using relative importance index (RII) [15]. Based on the findings of
the investigation, the conclusions and recommendations were drawn show in Fig. 3.

2.1 Factors

Based on literature, ergonomic risk factors are identified in construction industry
classified, 1. Physiological, 2. Psychological, 3. Environmental, 4. Safety factor
[16-18].

2.1.1 Physiological Factors

Physiological ergonomics is one of three aspects of ergonomics: physical, cognitive,
and organisational. Activity involving any ergonomic risk results in increased risk of
strain and injury. Non-ionising UV light, such as that emitted by the sun and electric
arc welding, and mechanical injuries and outcomes are examples of physical risks. 4
sub-factors are classified in physiological; (i) Basic Rate (iii) Organization (iii) Task
Content (iv) Energy Expenditure (i) Basic Rate: In literature, Soumitry J. Ray explains
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Literature review on ergonomic risk factors
in construction industry

Identification of ergonomic risk factors for
construction industry

Design and development of ergonomic risk

factor assessment in construction industry

Evalvating an risk assessment

Identify most effect risk factor in
construction

Fig. 3 Methodology

basic heart beat rate during a workplace compared to normal days, Respiration rate
during a workplace, work acceleration in the workplace, skin temperature during
work days. (ii) Organisation: In Tarek, Sobeih explains work an organisation to give
a high physical task to complete in limit time, work responsibility of work comfort
with body, organisation give a high level of work in manual (or) machine work
separation in facility in work structure. 12 (iii) Task Content: In Alireza Ahankoob
strength of human to do a work (or) handle capability of work, endurance of work
in work place, work ask to suddenly handling without any proper information they
capability to do it, repletion of work in work place to health issues, force exertion,
awkward posture. (iv) Energy Expenditure: Load carrying during a working place,
work moment is with a travel of work during a working time.

2.1.2 Psychological Factors

Psychological factors are the mental factors that helps or prevent self-motivating.
To increasing an efficiency, workers encounter financial difficulties, health issues,
illnesses, accidents, and even death. 4 sub-factors are classified in psychological; (i)
Personal (ii) Work rest schedule (iii) Mental task content (iv) Skill and training. (i)
Personal: Casual nature of employment (drink, drug, etc.). Drinking, smoking, and
the use of other addictive substances can cause physical and emotional harm, lack
of cooperation and self-satisfaction in work. (ii) Work rest schedule: Worker during
body heat by using chemical material (or) place of work, work and rest of work time
in work place. 13 (iii) Mental task content: Flow of information in high level to low
level properly, memory loss to worker, uncertain work hours (limits of work are 8 h),
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non-availability of raw material during working time. (iv) Skill and training: Training
level of workers to handle without any fear (or) tension, storage (or) understanding
capability, training of new workers helps to do work without illness.

2.1.3 Environmental Factors

Factors are in physical, biological, and chemical factors, which explain workplace.
There are many factors that contribute to a good work environment, including a
strong sense of self-worth and a desire to learn and contribute to the success of others.
hazards such as dusts, fume, and mists. 3 sub-factors are classified in environmental
factors; (i) Physical (ii) Biological. (i) Physical: Level of workplan from a sea level,
work place in unsafe condition (slope, water base), temperature of work place (cold,
hot), vibration in work place, noise problem both internal and external, lighting in
work (internal, external) place, during work in outer and inner, cleanliness in work
place. (ii) Biological: Occupation diseases handle a chemical (or) material, poor work
area facility (water, sanitation). Because of poor sanitation and tainted water, workers
are at danger of contracting diseases like malaria, dengue, and histoplasmosis (a lung
infection caused by a common soil fungus).

2.1.4 Safety Factors

Rules and safety equipment to decrease a risk factor. Health and safety concerns for
construction workers Safety experts should devote more time to developing innova-
tive and successful health/wellness programmes. The effects of historical, economic,
psychological, technical, procedural, frequency, and environmental issues are eval-
uated in terms of how these aspects are related to the level of site safety perfor-
mance. Two sub-factors are classified in safety risk; (i) Management commitment
(ii) Personal safety (i) Management commitment: Safety committee’s formation,
safety rules and accident investigation awareness, layout and design of work station
for safety handle a machine, verbally communication (if any problem happened in
process of flow convey an information faster) (ii) Personal safety: Personal protective
equipment handles in work place, tool and handle design awareness in work, safety
training to handle a working place.

Masons, Site Engineers, and Draftsmen working in construction are given a list
of factors and sub-factors based on various literature questions. The questionnaire
was created with a specific end goal in mind: Health, safety, and the environment
were the subjects of a survey conducted by the company. When asked to answer
the question, those who took the survey were instructed to use their own personal
construction experience as a guide. Based on each factor, a liker scale method is used
to form a question.
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3 Analysis

Factors that affect health, safety, and the environment were examined, and the relative
importance of each factor was ranked by the respondents using the relative importance
index (RII). Equation was used to arrive at this result.

RII=Y W/R+N(@O <RI <1) (1)

> W—weight given in each factors respondents and range froml to 5 (1-bad,
5—uvery good) > R-highest weight (5) > N-total number of respondents.

Calculation:

Physiological factors

Zw:5216;R:5;N: 100
RII= Y W/RxN
RII = 52165 % 100 = 10.432

Environmental factors

Zw =2875;R =5; N = 100
RIL=Y"W/RxN
RII = 28755 % 10024 = 5.750

Psychological factors

Zw=2796;R=5;N= 100
RII=) W/RxN
RII = 2796 5 % 100 = 5.5920

Safety factors

> w=1740; R =5; N = 100
RII = Z W /R % N
RII = 17405 % 100 = 3.480
In risk factors, score in RII is total number of sample 100.RII in physiological
factors is 10.432 mean value 0.6521, psychological factors score 5.5920 mean value

0.6213, environmental factors score value 5.5750 mean value 0.6389, safety factors
score 3.4800 mean value 0.5800 in Table 1.
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Table 1 Score on risk factors in RII

Factors Number of sample Total score sample RII RII mean
Physiological 100 5216 10.432 0.6521
Psychological 100 2796 5.592 0.6213
Environmental 100 2875 5.575 0.6389
Safety 100 1740 3.48 0.58

Table 2 Result of RII

S. No Factor RII mean Rank
1 Physiological 0.652 1
2 Psychological 0.6213 3
3 Environmental 0.6389 2
4 Safety 0.58 4

3.1 Result and Discussion

Relative important index (RII) and relative important index mean are computed
for each factor, and the factors are ranked according to the RII mean score. As an
illustration: For each of the two sub-factors, the RII value is calculated, and then the
RII mean is calculated to determine the safety factor. In terms of average and rank,
the safety factor has a mean of 0.5800. A complete breakdown of the factors is given
in Table 2.

Workers from a variety of cultural backgrounds, who are ill-educated, and who
have no awareness of ergonomics are the most likely to cause an accident in construc-
tion projects because of their unsafe reactions to the work environment. The safety of
the operatives is critical in reducing their exposure to personal risk while on the job.
Men’s jobs are largely driven by psychological factors as well. Safety supervisors,
co-workers, and workers all play arole in reducing risk factors. Sub-factors that affect
safety performance in the construction industry in addition to physiological factors
include: union involvement, worker safety training deficiencies, and management
expenditures on safety improvements. It is necessary to alter employees’ conceptions
of safety if that environment is to be improved.

4 Conclusion

The construction industry exhibits a higher injury rate compared to other industries,
primarily due to a lack of safety measures and the presence of ergonomic risk factors.
This study work provides methodology for prioritising the risk factor influencing
ergonomic in construction. Risk factors are classified as physiological, psycholog-
ical, environmental, safety factors. Factors are form into questionnaires to score by
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self-scoring method. Analysis by RII to rank the factor, sample size 100.RII in phys-
iological factors score mean value 0.6521, psychological factors score mean value
0.6213, environmental factors score mean value 0.6389, safety factors score mean
value 0.5800, physiological factor highly influence construction risk. Behaviour-
based risk assessment is introduced to change workers perception of risk assessment.
Consequently, the proposed method can be used to improve risk management in the
construction industry. In physiological factors, basic rate, organisation, task content,
energy expenditure ensure a risk contribution for workers.
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Structural Analysis and Design of Solar )
Car Park in College ek
of Engineering-Dawadmi: A Move

Toward Energy Efficient Campus

Mohammad Abdur Rasheed and Yazeed Saud Alotaibi

1 Introduction

The Kingdom of Saudi Arabia has one of the highest solar radiation rates in the
world. The study by Almarshoud [1] assesses the solar energy potential of various
regions in Saudi Arabia by analyzing long-term solar radiation data obtained from
meteorological stations across the country. The study concludes that Saudi Arabia has
one of the highest solar energy potentials in the world, with an average annual solar
radiation of 2100 kWh/m?. In this context, Saudi Arabia’s solar energy is enormous
and can be exploited easily, and where it is considered clean energy, but efforts to
benefit from it face some challenges, including the availability and low cost of oil
compared to solar power generation and the impact of dust.

The Saudi Vision 2030 strategy, one of the key economic reforms in Saudi Arabia
and the Middle East [2], sets out requirements such as the reduction of CO, emissions
and sustainability in building construction and operation. The main objectives of the
vision are to reduce energy consumption in all new buildings and significantly reduce
the carbon footprint of transport and production in energy consumption. Tapping solar
energy is considered to be one of the best solutions to reach the desired goals as it has
a negligible environmental impact. Consequently, more and more houses and farms
are increasingly becoming heavily dependent on solar energy, so solar panels are
generally placed on roofs or backyards. Due to the high degree of external shading
“optical systems” in urban areas, there is insufficient space for urbanization to install
photovoltaic systems with vertical interfaces. Building surfaces, which are generally
without external protection, are ideal for installing photovoltaic systems. Using the
parachute area above parking spaces is appropriate for installing photovoltaic systems
inroad infrastructure. Because these shading surfaces are suitable for integrating solar
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Fig. 1 Saudi Aramco’s solar car park in Dhahran

PV and generating solar power [3] that can be used locally or exported to the grid,
car parks are mostly executed as multi-story as fixed public transportation capacity is
getting depleted in their open parking lots. Construction will be necessary in the future
as part of parking spaces. It will be the optimal solution in terms of environmental
impact as well as the capacity of the grid for electricity production to operate at
the point of consumption. For example, on the roof of the building, but their use in
parking is uncommon. In Saudi Arabia, some projects applied the concept of solar
parking, e.g., “Aramco’s building in Dhahran,” [4] as shown in Fig. 1.

This study proposes implementing a solar car park lot system in the College of
Engineering located in Dawadmi. The college ambiance has ample space for car
parking. The purpose is to make the existing parking lot a center for solar energy
harvesting through which it is stored and can serve as a potential source for the supply
of renewable energy.

2 Objectives

The main aim of this project is to provide a structural design of a solar car park
using the existing car parking that can serve as a source of renewable energy for
COE Dawadmi making it energy self-sufficient. Keeping in view the main aim of
this project, the following objectives are to be achieved in the project:

1. To determine the electricity generated from solar car parking and compare it with
actual electricity.
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Structural analysis and design of solar car park lot including the various loads
acting through its lifetime.
3. To be able to understand factors affecting the structural design of solar car park.

To achieve the objectives, the following methodology is adopted:

Review of available references.

Surveying and calculating all areas and dimensions required.
Analyze the economical costs.

Structural analysis and design using computer software.

i

Each step in the methodology will be explained briefly in the sections to be
followed.

3 Literature Review

Solar car park lots are becoming increasingly popular due to their ability to generate
electricity using renewable energy sources. However, the design and construction of
these facilities must take into account the additional structural loads imposed by the
solar panels and associated equipment. Various studies have been conducted to inves-
tigate the usage of car park lots for solar energy harvesting. The study by Nunes et al.
[5] discusses the potential of using parking lots to solar-charge electric vehicles. The
authors review the current state of the art and identify the main challenges, including
the integration of renewable energy sources into the grid, the lack of standardization
in charging protocols, and the high cost of energy storage systems. They propose a
conceptual framework for the design and operation of a solar-powered parking lot,
which includes the installation of photovoltaic panels, energy storage systems, and
charging stations for electric vehicles. The authors also analyze the economic feasi-
bility of this solution, taking into account the initial investment, operational costs,
and potential revenue streams. A study by Yaseen and Nabil [6] proposes a solu-
tion to address the lack of charging point availability in the EVs market by utilizing
existing gas stations for two purposes: installing PV solar systems and deploying
them as charging points. An article by Saied et al. [7] discusses the challenges of
energy management in urban electricity distribution networks. The authors attempt
to integrate a smart parking lot (SPL), renewable energy sources (RESs), and local
dispatchable generators (LDG) as a microgrid. In contrast, an energy management
system is presented to consider uncertainties of wind speed, solar irradiation, and
load consumption. A demand response program (DRP) based on a time-of-use tariff
is used to reduce operational expenses. A new uncertainty modeling method based
on Hong’s two-point estimate method is employed to deal with the uncertainties of
load consumption and wind generation. A study by Julieta et al. [8] showed that
solar photovoltaic energy could be deployed without occupying additional land in
regions with scarce land. A methodology has been developed to identify uncovered
parking spaces and water deposits at the regional level and estimate how much of
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these areas could be used to deploy solar photovoltaic energy, which could cover 9%
of the regional electricity demand.

Critical literature review suggests that very limited studies have been carried out
on the structural analysis and design of such structures. This study tries to address the
research gap by combining the economic studies with the structural design aspect of
solar car parking structure. The realization of the studies is expected to bring millions
of Saudi Arab Riyal as benefit annually while being able to safely resist the loads of
nature to which it is exposed.

SBC 301 [9] and SBC 306 [10] will be used in this study for the application of
load and structural steel design, respectively. The load combinations applied to the
structure in this study will be used as per Sect. 2.3.6 of SBC 301.

4 Surveying and Calculation of Shaded Areas

The College of Engineering premises contains three sections of parking as shown
in Fig. 2. Each of these sections has parking portal frames slightly differing in size
from each other as shown in Fig. 3. Manual surveying was carried out to find the
dimensions of each type of frame, and the shading areas of the frame are calculated
in the following sections.

Likewise, the dimensions of the existing structure were taken to model the struc-
ture geometry in the analysis and design software as shown in Fig. 4a. The existing
structure is made of hollow structural steel circular tubes with an outside diameter
of 130 mm and a thickness of 5 mm as shown in Fig. 4b.

Fig. 2 a Back parking view from Google Earth. b Front parking view from Google Earth. ¢ Left
parking view from Google Earth
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Fig. 3 a Back parking canopy dimensions, Back parking area calculations, Number of Car-parking
canopies: 128, Area under one canopy=34.5 m?, Total area of parking = 4416 m2. b Front parking
canopy dimensions, Front parking area calculations, Number of Car-parking canopies: 48, Area
under one canopy=38.35 m?, Total area of parking = 1840 m?. ¢ Left parking canopy dimen-
sions, Left parking area calculations, Number of Car-parking canopies: 229, Area under one
canopy=38.35 m?, Total area of parking = 1840 m?

5 Cost-benefit Analysis

Cost—benefit analysis can be used to assess the potential advantages and drawbacks
of a proposed project or policy. When used in the context of solar car park lots, CBA
can help determine the financial feasibility of investing in this type of infrastructure
and provide decision-makers with valuable insight into the possible benefits and
drawbacks of the project. A solar car park lot is a parking facility that harnesses solar
panels to produce electricity, which can be used to power the parking lot’s lighting
and electrical systems. Furthermore, any extra energy generated can be supplied back
to the grid, resulting in additional revenue.

To initiate this study, the monthly consumption of electricity in the College of
Engineering was monitored over a period of twelve months. The price of the units
consumed in this case comes under the public building category. The results of these
monitoring are listed in Table 1. Average consumption monitored over a year was
obtained as 756,953 kWh. Correspondingly, the monthly average price paid by the
institution was obtained as 240,240 SAR.

To conduct a CBA of a solar car park lot, both the costs and benefits of the project
must be identified and evaluated. Costs may include initial installation expenses,
ongoing maintenance costs, and financing costs. Benefits may consist of reduced
energy expenses, revenue from excess energy generation, and environmental benefits
like decreased greenhouse gas emissions.

After the costs and benefits have been identified, they can be quantified and
compared using financial metrics like net present value (NPV), internal rate of return
(IRR), and payback period. These metrics can assist decision-makers in assessing the
financial feasibility of the project and weighing the costs against the benefits. Hence,
CBA can be used to evaluate a solar car park lot project and provide decision-makers
with an accurate understanding of the potential financial benefits and drawbacks
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Fig. 4 a Parking structure dimensions (Back parking). b Surveying for parking structure dimen-
sions

associated with investing in this type of infrastructure, enabling them to make well-
informed decisions. Table 2 provides a summary of the economic analysis carried
out. For the purpose of this study, panel-type monocrystalline with a capacity of
540 W is selected. The area covered by each panel is around 2 sq.m. Price per panel
is obtained from local vendors. This is a conservative cost; considering the scale
of the application, the same panels could be obtained at fairly lower prices from
large-scale vendors. Also, the sunshine hours are assumed to be fairly conservative
at 6.5 h a day. Earlier studies [11] have shown that the minimum amount of sunshine
hours is around 7.26 h in Saudi Arabia during the winter. However, the maximum
can also go up to 10.15 h during the month of June, which is summer. The total cost
of the panels incurred can be recovered in 24 months, as mentioned in Table 2. As the
car parking steel structure is already installed, the only additional components will
be PV panel mounting to the structure. It is also evident that the average electricity
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Table 1 Electricity consumption of COE Dawadmi

Month Consumption (kWh) Price (SAR)
August 760,358 240,863
September 756,184 239,093
October 760,016 240,349
November 767,807 239,969
December 773,470 243,296
January 752,762 244,068
February 747,198 239,714
March 738,253 240,099
April 740,287 239,118
May 759,005 236,521
June 776,383 242,465
July 751,716 237,325
Average 756,953 240,240

Table 2 Cost analysis

Month Consumption (kWh)
Panel type Monocrystalline, 540 W
Size of each panel 2m x Im

Price per panel 760 SAR

Total shaded area available for PV installation 14775 m?

Proposed total no. of panels to install 7387 panels

Total price for panels 5,614,120 SAR
Assumed sunshine hours 6.5h

Average electricity generated per month 777,851.1 kWh
Average electricity consumed per month 756,953 kWh
Actual average monthly bill 240,240 SAR/month
No. of months to recover the cost 24 months

generated clearly surpasses the average electricity consumed in a month, making the
premises energy self-sufficient.

6 Structural Analysis and Design of Proposed Model

The structure geometry has been modeled using the dimensions obtained in Sect. 5
of this paper. Figure 5a shows the geometric model of the structure. The sections
used for the existing model contain a hollow circular section of diameter 130 mm and
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5 mm thickness as shown in Fig. 5b. The base plate of the structure contains four bolts
attached with the help of a rigid connection. The additional sections that are proposed
for mounting the solar panels are shown in Fig. 5c. Several trial sections have been
tested and finally, L35 x 25x4 has been selected to account for the additional loads
due to panels. The demand-to-capacity ratio has been kept up to 90% to optimize
the structure. Figure 5d shows the critical service load deflections diagram which are
under permissible limits as per SBC 306 [10].

There are many commercial software used for the design of steel structures.
Staad.pro is one of the most widely used software. The same has been used for
the purpose of this study. However, it is not still integrated with Saudi Building
Codes. Therefore, AISC 7-10 [12] has been selected in the software for the purpose
of this study, which has parameters very close to what has been used for developing
SBC.

Wind load has been carefully calculated as per the guidelines provided in SBC
301. The basic wind speed has been taken from the Fig. 6.4-1 of SBC 301. This figure
provides basic 3-s gust wind speed in kmph for selected cities in Saudi Arabia. For the
purpose of this study, wind speed is taken after interpolation from the nearest cities.
A value of 170 kmph (47 m/s) is used in the study. Wind directionality factor is taken
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Fig. 5 a Geometric modeling of existing structure with fixed supports. b Sectional details of the
existing structure. ¢ Proposed additional sections for supporting solar panels. d Deflection diagram
for critical service load combination
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as 0.85 as the structure itself is main wind force resisting system as per Table 6.4-1 of
SBC 301. Exposure category is considered as C category, as the terrain is mostly flat
with unobstructed area. Topographic factor K is considered to be 1, since the site
location is not situated on a hill or 2d-escarpments. Gust effect factor is considered
to be 0.85, assuming the structure to be rigid and having a fundamental natural
frequency of less than 1.0 Hz.

Earthquake load parameters are provided in Fig. 9.4.1 of SBC 301. The 0.2 s
spectral response acceleration Ss and 1 s spectral response acceleration S1 for the
Dawadmi region are now fed in the software.

The gravity loads expected to be acting on the car parking structure is mainly
of two types, dead and live loads. The dead load predominantly coming from the
self-weight of the structure and the PV panels. Minimum live load is taken from the
SBC 301 to account for the regular maintenance and accidental loads.

7 Conclusions and Summary

The following are the conclusions based on the current study:

1. The study conducted proves that the college of engineering can be made 100%
energy self-sufficient by implementing the proposed solar car park lot.

2. Various loads acting during the lifetime of the proposed structure have been
carefully analyzed and applied to the structural model.

3. Cost-benefit analysis shows that the cost of installation will be recovered within
24 months of the start of operations.

4. By using the proposed structural model, a capacity-to-demand ratio of up to 90%
was achieved by satisfying the strength and serviceability limits under different
load combinations.

Based on the current study following, future studies are recommended:

1. Thermal analysis for the interaction between the structures and the parked
vehicles.

2. CFD simulations interactions between the vehicles and the structure, to predict
the pressure, velocity, and density response.
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Development of Sustainable Earthquake )
Resistant Building for Future L
Generations

V. Chandrikka and D. Shoba Rajkumar

1 Introduction

1.1 General

In India, there is a fast expanding collection of structures that are woefully unable
to withstand earthquakes. This is something that may be seen in earthquake docu-
mentation. Therefore, it has become crucial to evaluate the safety of an existing
structure’s performance under seismic loads and, if necessary, to retrofit the building
so that it satisfies the most up-to-date performance standards [1]. The placement and
detailing of the reinforcement has a far greater impact on building behaviour during
earthquakes than either the size of the members or the total quantity of reinforce-
ment. The retrofitting engineer must take into consideration three potential causes of
a building’s defects:

(1) Poor planning and execution; (2) Material wear and tear through time and
usage. (3) Earthquake or disaster-related damage.

The pushover analysis which is used to evaluate the reliability of a structure by
determining its strength parameters and deformation criteria’s required in the design
of earthquake by using the analysis method of static inelastic. Forces caused by
earthquakes may be represented by comparable static lateral loads. Any potential for
early failure or weakness in a structure may be shown by the graphical representation
between total base shear vs top displacement. Using nonlinear analysis, asymmetrical
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buildings built on flat ground and exposed to different loads is the focus of this
research. All of the calculations were made using SAP2000 version 14. In this paper,
the performance of a nonlinear static analysis (pushover) on a four-storey reinforced
concrete structure in zone 5 using SAP 2000. The research demonstrated that in
the beam members and column members, the hinges had evolved indicating the
3 phases of I0-immediate occupancy, LS-life safety, and CP-collapse prevention.
These findings were used to refine the code-based design and make it more robust
against earthquakes of the kind considered during the design process [2, 3].

1.2 Seismic Design

In order to prevent damage during dynamic loading, RC frame buildings as shown
in Fig. 1 would have to be enormous, which might make the project unfeasible
financially. The reality is that the structure must sustain earthquake-related damage
in order to disperse the energy that is applied to it.

Accordingly, (a) structural damage is permissible under occasional significant
shaking, as per seismic design philosophy. This means that (a) collapse is not an
intended outcome of the design process, and (b) structural damage is negligible with
semi-occasional moderate shaking, but non-structural damage is unacceptable [4—6].

Thus, structures are only constructed to endure a tiny proportion of the force they
would experience if they were elastic during the predicted massive ground shaking.
Seismic design balances cost and damage, making the project viable.

Lateral Force, H
Maximum
Elastic Force
Maximum
Elastic Force
reduced by R
Degn force
o

Roof Lateral Displacement 3

Fig.1 Conceptual groundwork for earthquakes safety
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1.3 Seismic Retrofitting

Potential sources for retrofitting include any building that was built more than 30 years
ago, any building that was built within the past 30 years but was not properly designed,
constructed, or maintained, and any building that was built within the past 30 years
but was not properly designed, constructed, or maintained [7].

2 Pushover Analysis

The simplest performance in the field of nonlinear analysis is basically pushover anal-
ysis, the most elementary performance. Pushover analysis, the lateral load raised
in small increments while keeping the established allocation pattern all along the
altitude of the structure. When the weight on the structure increases, the points of
failure and the weak spots also increase. The pushover analysis reveals the building’s
failure load, maximum deformation such as inelastic deflection, and its corresponding
behaviour. When the structure is stressed until a mechanism for its collapse emerges.
As load increases, a pushover curve is created by graphing the base shear against the
roof displacement (Fig. 2). The pushover analysis calculates the structural limit states
for base shear and roof displacement. It is also possible to estimate the building’s
global stiffness. Those user-designated points, called hinges, are where the nonlinear
behaviour really takes place [8]. At the moment, hinges may only be added to frame
objects and allocated anywhere along the frame object. Hinge types such as uncou-
pled moment, torsion, axial force, and shear may be found. The interplay of axial
force and bending moments at the hinge position causes the linked P-M2-M3 hinge
to yield. A single end of a frame object may have both a typeM3 (moment) and a
V2 (shear) hinge. The true strength of the structure may be evaluated with the use
of pushover analysis, which shows promise as a practical and effective method for
performance-based seismic design. The ADRS format allows for the plotting of base
shear against displacement at a given control joint, where the vertical axis is spectral
acceleration and the horizontal axis is spectral displacement. The performance point
may be determined by plotting the demand spectra on top of that graph. A visual
depicting the pushover’s step-by-step progression is available, with the development
of each hinge and its corresponding colour code [9].

The procedure for doing a nonlinear static pushover analysis may be broken
down into the following broad components. The reinforced concrete frame model is
designed in three dimensions. To perform a pushover analysis, static load patterns
must be created. The reinforced concrete framework models are specified for
pushover loads. Elements of the model reinforced concrete frame have appropriate
hinge qualities specified to them. It is decided to conduct a pushover study using
a nonlinear static loading scenario. The outcomes of the push are analysed. An
understanding of how different seismic retrofit solutions would affect the building’s
reaction may be gained via pushover analysis [10].
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Fig. 2 Base shear versus roof displacement curve

In a performance-based design process, demand and capacity are two critical
factors. The capacity of the building to withstand the seismic load is represented
by this number. The output is proportional to the efficiency with which the capacity
meets the demand.

If the structural components are not damaged beyond the allowable limits of the
performance objective for the stresses and displacements projected by the displace-
ment demand, then the capacity curve and demand curve have been successfully
constructed, where the capacity and demand curves meet is where the system
performs at its best (Fig. 3). In the presence of the performance point and an
acceptable damage state, the structure performs as intended [11].

2.1 Advantages of Pushover Analysis

Overall structural behaviour and performance qualities may be assessed.
It allows us to study how plastic hinges develop in the various parts of a structure
in order.

e It helps us to maximise cost effectiveness by reinforcing just the necessary
elements of a building during a repair operation.

e Designed for structures that vibrates in the first and fundamental mode, the
pushover analysis offers a fair approximation of global and local inelastic
deformation needs.
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2.2 Limitations of Pushover Analysis

e Pushover study deformation estimations may be very off for structures with
considerable higher mode special effects [12].

e On the evolution of elastic mechanism and P-delta effects, the maximum displace-
ment linked with very ultimate 4-ve or —ve lateral stiffness, making it essential to
conduct an analysis which uses displacements when compared to the force based
methods.

e Without considering the impact of time, the number of stress reversals, or the
cumulative energy dissipation requirement, pushover analysis provides an implicit
guarantee that damage is proportional exclusively to the lateral displacement of
the structure.

e The technique disregards the fact that a building’s modal characteristics will
evolve over time as it undergoes cyclic nonlinear yielding in the course of an
earthquake.

e One bigger concern is that pushover analysis may only pick up on the initial local
mechanism that forms during an earthquake, and might not reveal any further
weaknesses that are developed as a result of changes in the dynamic properties of
the structure [13].



244 V. Chandrikka and D. S. Rajkumar

3 Modelling and Analysis of Building

3.1 Introduction to SAP 2000

SAP 2000 was preferred in the analysis of the structures in this paper. Computers
and structures (a company in Berkeley, California) created it. It is an all-inclusive
software suite that has a unified user interface for model making, tweaking, running
analyses, optimising designs, and reviewing the outcomes of such efforts. To analyse
and construct civil structures, users may use SAP 2000, a stand-alone tool based on
finite elements. In addition to providing the advanced modelling tools and method-
ologies required for even the most challenging tasks, its user-friendly interface makes
working with it a delight.

Since SAP 2000 is an object-based system, it follows that its models must include
components that correspond to the actual world. Analysis and design results are given
at the object level, making the data more accessible and more in line with the actual
world.

Features of the SAP 2000 structural analysis software

Frame and shell structural parts Linear and nonlinear analysis.
Static (Linear) push over analysis and dynamic (Nonlinear) seismic analysis which
were involved in the geometric nonlinearity such as P-Delta effects.

e Planar and solid geometry in two and three dimensions [14].

Table 1 Design

consideration factors [14] @ Zone v
(ii) Zone factor 0.36
(iii) Response reduction factor 3
(iv) Important factor 1
) Soil condition Medium
(vi) Height of building 14 m
(vii) | Wall thickness 230 mm
viii) | Weight density of brick masonry | 20 kN/m?
(ix) Weight density of RC material 25 kN/m?
(x) Storey G+4
(xi) Floor to floor height 3.5m
(xii) Size of columns 230 mm x 450 mm
(xiii) | Size of beams 230 mm x 400 mm
(xiv) | Size of brace 50 x 50 x 6 mm
(xv) Grade of steel Fe-415
(xvi) | Grade of concrete M20
(xvii) |Floor finish 1.0 kN/m?
(xviii) | Imposed load 3.0 kN/m?
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Fig. 4 G+4 SAP 3D model

Figures 4, 5, and 6 show the x- and y-axis models’ 3D representations, distorted
shapes, and hinge patterns, respectively. Study of the model in the x-direction revealed
hinges on the columns of the open ground storey, indicating poor performance under
seismic excitation; likewise, analysis of the model in the y-direction revealed hinges
on beams, indicating poor performance under seismic excitation.

4 Results and Discussions

In this investigation, SAP 2000 was used to analyse the nonlinear response of a pre-
existing RC frame structure subjected to loads. The purpose of this research study
is to confirm the structural x-axis and y-axis performance levels during seismic
stimulation. The pushover curve can be seen in Figs. 7 and 8 once the analysis has
been conducted. The models in both the x- and y-directions are shown in Figs. 7
and 8, which show the demand and capacity spectrum. Table 2 provides a frequency
distribution of the studied models.
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Fig. 5 Deformed shape of
G+4 SAP 2D model

Fig. 6 Hinge patterns of the
model based on performance
analysis
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Table 2 Frequency of 3D RC frame model

Mode SAP Analysis
Natural frequency, w (rad/sec) Natural period, T (sec)

Mode 1 3.309945561 0.30212
Mode 2 3.962748988 0.25235
Mode 3 4.057250408 0.246472
Mode 4 5.479999463 0.182482
Mode 5 5.808854733 0.172151
Mode 6 7.932040564 0.126071
Mode 7 10.28310238 0.097247
Mode 8 11.47377239 0.087155
Mode 9 11.92775844 0.083838
Model0 12.95094653 0.083838
Model 13.55345405 0.073782
Model2 13.71483523 0.072914

5 Conclusion

High-rise structures natural periods of vibration are determined using SAP analyses.
In this context, a three-storey RC frame building is being considered. The natural
periods and frequencies were determined and compared to the IS 1893: 2016 data
using eigenvalue analysis in SAP. The study’s results may be applied to even more
massive buildings, such as skyscrapers. Modify the fundamental frequency by raising
the height of the structure and softening its rigidity just a little. The column compo-
nents’ sizes have an effect on the building’s stiffness and mass. Every adjustment
in column size, therefore, has far-reaching consequences. According to the perfor-
mance analysis chart, the numerical model yields results that are consistent with
the theoretical model. There is no lumped-mass idealisation of material elasticity
or structural stiffness in SAP. Significant features of this structure are modelled
using nonlinear analytic techniques like pushover analysis. Increasing numbers
of researchers and architects are using these methods for evaluating a structure’s
vulnerability to earthquakes.
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1 Introduction

Public Private Partnership (PPP) are frequently utilized to undertake a variety of
infrastructure projects across the world. The building of transportation systems,
sports facilities, water conservation facilities, and waste-to-energy plants, among
other types of infrastructure, is made possible by the PPP approach, which also raises
the financial benefit of infrastructure outputs [1]. Private capital in public infrastruc-
ture may be dated back to the eighteenth century in European countries, even though
the PPP concept was largely adopted in the late 1990s. The concession agreement that
provided drinking the water to Paris is a prominent example [2]. Instead of native
institutions, multinational corporations or foreign financial institutions have been
engaged in PPP projects in China [3]. In addition to the lessons learnt through case
studies, scholars have proposed the benefits of certain PPP-related elements, such as
[4]: increased collaboration between the public and business sectors, improved risk
taking, higher quality financial analysis, and improved contract maturation. PPPs
are a product of the concept of enabling private companies to finance public sector
infrastructure projects [5—13].
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Fig. 1 Investment of projects

PPPs differ from traditional contracting or privatization in that the public and
private sectors, who have distinct goals, interests, and risk preferences, share respon-
sibility for the project’s various stages [14]. PPPs divide the project’s many phases
among public and private duties. PPPs, particularly in the infrastructure sector, are
subject to a wide range of hazards that have a significant influence on budget expenses,
project performance, and service quality [15]. In PPP, services are done under specific
terms and conditions [16—19]. Researchers should keep track of the PPP life cycle,
spot possible problems, and offer solutions in order to support the growth of the
expanding PPP infrastructure. A review of the literature is a quick and easy way to
find knowledge gaps and get ideas for new research areas. It has been proven for a
number of years that the life cycle viewpoint is effective in lowering the overall cost
of construction projects [20-22]. A review of the literature is a quick and easy way
to find knowledge gaps and get ideas for new research areas. This approach has been
used by several academics to assess the pace of advancement in the PPP field. Over
the years 1998 to 2008, the papers published, the contributions of key researchers,
and various research interests were examined [23-25]. The evolution of PPP project
execution from 1990 to 2014 is seen in Fig. 1. During this time, an upward tendency
may be seen (i.e., 1990-2014).

The objective of this research is to study the different kind of PPP projects
prevailing in India until 2019. Examine the status of different PPP in terms of infras-
tructure in PAN India. Assess the various risks associated with PPP and find suitable
suggestion to overcome risk. Analyze the nature and magnitude of societal need and
achieved under PPP in a particular project. Determine the critical factors responsible
for success in the PPP project.

2 Research Methodology

Thematic maps have been created using ARC GIS software. The data of the public
private partnership projects is taken from the website https://www.pppinindia.gov.in/
which is controlled by the government. The data taken for this mapping is till 2019.
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This map shows the different type of PPP project sectors in India. The major sectors
are transportation, energy, water, and sanitation, social and commercial. Maharashtra
has the highest PPP projects compared to other states. Chandigarh has only 1 project
so far. The major sector which has more projects are in transportation.

This map gives the projects which are in stages of completion, operation and main-
tenance, pre-construction, and under construction till 2019. Operation and mainte-
nance stage is predominant when compared to all other stages. Figure 2 gives the
complete status of the PPP projects. The sector wise classifications are ports, trans-
port, energy, water, and sanitation. Each sector has various project groups undertaken
namely public private partnership, government sector, captive and private sector.

For PPP projects, risks are a constant study issue of interest. The methodology
featured thorough scenario modeling of important project hazards and comprehensive
expert professional judgment processing. Table 1 shows the different risk factors and
bearers accordingly.

2.1 Risk Elements

Risks that have an impact on a project’s desired results are detected, evaluated,
and either prevented or minimized via the profession of risk management. Every
project manager and team member must develop the ability to implement effective
and organized risk mitigation methods. The risk factors and bearers are shown in
Table 1. As a result, the entire organization will be able to manage its projects in the
following ways. Predicting future expenses will help any resource planning.

Upgrade businesses’ project cost tracking systems.
Increased ROI estimation accuracy.

A more adaptable response to any upcoming issues.
Increased ROI estimation accuracy.

3 Results and Discussion

3.1 Pre-operative Phase

During the pre-operative phase, design, project’s strategic plan, procurement of
permits or entitlements, and gathering of workers and construction-related materials
are completed. This factor consists of updating of budget, updating of work schedule,
motivation of workers, procurement of materials, meeting for design management,
and meeting for construction management and it having 25.98% of variation.
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Table 1 Risk factors and risk

Risk factors Primary risk bearers
bearers

Pre-operative risk

Delay in land acquisition Government

External linkages Government

Financing Private

Planning Private

Approvals Private

Construction phase risk

Design risk Private
Construction risk Private
Approvals Private
Operation phase risk Private
Technology risk Private
Operation risk Private
Market risk Private
Financial risk Private

Hand over risk

Terminal value risk | Private
Other risk

Change in law | Private

3.2 Construction Phase

Construction phase responsibilities include clearing the site, landscaping, remod-
eling, demolition, and the actual building process. This factor comprises of involve-
ment, capacity and obligation, alternative strategies, effective communication, and
recognized schedules and it having 19.64% of variation.

3.3 Operation Phase

The monitoring phase, which advances concurrently, is when the concept and all
operational decisions are assessed and improved. This factor includes market uncer-
tainty, economic uncertainty, detection of risk, distribution of risk and diversification
of risk and it having 15.35% of variation.
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3.4 Handover Phase

The consumer gets back custody of the property to occupy during the handover
phase of a construction project. When the agreement’s tasks have been finished,
as determined by the contract administrator, this happens. This factor contains size
of the project, nature of work, complication, and clarity and it having 11.80% of
variation.

3.5 Others

This factor covers technical competencies, monitoring, and feedback and it having
8.72% of variation. A factor analysis suggests that process interaction, human
resource management, risk level, project characteristics, and process control are
the main variables affecting effective risk in construction projects.

4

Conclusion

The thematic maps are prepared using ARC GIS software which gives an idea of
types of sectors under PPP, most used modes, and the status of projects which are
in completed stage, operation and maintenance stage, pre-construction stage, and
in under construction stage.

Risk analysis is an essential part of PPP projects. It aids in the identification of
possible risks and the development of methods to reduce them, so assuring the
project’s successful conclusion.

Any public private partnership’s success depends on achieving a financial equilib-
rium that enables the recovery of capital investments, whether for new construction
or maintenance and operation.

Several factors are considered in order to ensure the proper establishment of PPP,
including the fairness of the deal for all parties, the clarity of the contract terms, the
transparency between parties, the proper timing of the process, the appropriate
communication tools, or the adequate monitoring schemes during the contract
management.

However, there are several issues that must be resolved, including the dearth of
accurate information and the complex structure of PPP projects. PPP projects
in the nation’s port sector may realize their full potential while contributing to
the nation’s economic progress by resolving these issues and putting into place
efficient risk management techniques.
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Adopting the Low-Cost Housing )
Technology in Residential Buildings oo
in Chennai

K. T. Murali Krishnan, S. Manikandaprabhu @, and D. Nigitha

1 Introduction

One of the most serious issues confronting emerging nations is the supply of sufficient
housing, which is critical in people’s lives. Housing has become a crucial component
of daily life, yet only 20% of the population in emerging markets such as India has a
high enough income to buy typical housing units. As a result, low-income residents
in emerging nations find it difficult to enter the housing market. In India, the problem
is compounded by population expansion and skyrocketing building prices, making
housing a nightmare for many. The demand and supply dynamics exacerbate the
problem, resulting in the spread of slums and unplanned urban layouts. Several causes
contribute to this inequality, the most notable of which include rising material prices
and restricted land availability. As India’s population and economy expand, there is
an increasing need to satisfy the housing requirements of low- and middle-income
workers by offering affordable housing alternatives.

Despite efforts from both the public and commercial sectors to provide affordable
housing alternatives, there is still a housing shortage. Furthermore, many existing
housing units in India are of low quality and lack essential services such as power,
running water, and sanitation. As a result, crowded and unsanitary slum homes have
developed. To solve these concerns, the government has developed several housing
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programs, including the Pradhan Mantri Awas Yojana, which seeks to provide afford-
able housing for everybody by 2022. However, administrative incompetence, corrup-
tion, and insufficient money have impeded the success of these programs. Overall,
India’s housing situation is a critical issue that demands ongoing efforts and finan-
cial commitment to guarantee that all citizens have access to safe, cheap, and high-
quality housing. Low-cost home is a novel idea that makes the better budget control
and utilizes the strategies that aid in decreasing the cost of building by using locally
accessible materials as well as better skills and technology without sacrificing the
structure’s strength, performance, and longevity [1]. BMTPC, CBRI, IITD, IITR,
IITM, IITK, and IPIRTT are just a few of the organizations responsible for devel-
opments in this field in India in the last few decades of time [1]. India has the
second-largest urban population in the world. The nation requires a strategy for
quick construction and land acquisition. 40% to 45% of people live in slums, and
that number is increasing daily. India now has a shortfall of 17.6 million homes [2].
The cost control of a project involves the measuring and collecting the cost record
of a project and work progress [3]. Finding locally accessible raw materials that
can be utilized to manufacture construction materials that do not use regular cement
is required to effectively finish low-cost housing projects and partially relieve the
housing shortage [4]. The quality function deployment (QFD) is utilized to better
understanding of client requirements, speed up the designing processes, and decrease
execution time in order to attain continual improvement in affordable processing of
housing schemes [5]. The construction sector uses 30—40% of all-natural resources
and primary energy over its lifespan, accounting for 30% of global greenhouse gas
(GHG) emissions and representing about 6% of the world’s Gross Domestic Product
(GDP) [6]. Creating novel technology and productivity-boosting methods is one
strategy to lower the cost of building [7]. The monitoring of resource, managing the
sub-contractor bills, and accounting modules aid in project cost control determina-
tion and show whether costs are within or exceeds budget [8]. This project aims to
identify the most appropriate alternative materials and technologies which can be
adopted for the low-cost housing. The alternative materials for wall material will
be studied and technology adopted for this study is Mivan construction. The cost
parameters of adopted materials and technologies will be worked on and compared
with traditional construction method.

2 Methodology

The measures to address studying affordable housing are broken down into stages
to better comprehend the necessity and work progress. The flow chart of Fig. 1
represents work methodology followed in this paper.
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Fig. 1 Methodology flow ]
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2.1 Materials

The cost of the materials is a crucial factor since it has an immediate impact on the
budget. Site inspections are used to adopt alternative materials in order to assess
their strength, quality, and durability. The cost parameters are studied together with
the alternative low-cost materials. Both the new alternative materials and the tradi-
tional materials are worked out with cost analysis. The materials chosen for the wall
masonry are AAC blocks, Fly ash bricks, and Porotherm bricks and compared with
standard clay bricks.

2.1.1 Clay Bricks

When a clay brick reaches the end of its useful life, it may be recycled or used again
since it is created from natural components like clay and water. As a result, choosing
them for construction projects is sustainable. With a compressive strength that ranges
from 10 to 40 N/mm?, clay bricks are robust and long-lasting. This qualifies them
for a variety of building applications, such as foundations and load-bearing walls.

2.1.2 AAC Blocks

Aerated concrete is a kind of lightweight concrete that eliminates the use of coarse
materials and contains a significant amount of air voids AAC blocks weigh 12.23 kg,
but CMU blocks weigh 15.4 kg. AAC blocks provide a wall area of 1.3 ft? (13.98 m?),
while CMU blocks create a wall area of 0.88 ft> (9.46 m?). They are lighter than
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Fig. 2 AAC blocks

conventional concrete blocks, have a higher wall area per block, and have less heat
conductivity. Not appropriate for strong load bearing and its complicated manufac-
turing process is not suitable for small-scale production. AAC blocks are nowadays
used widely for the construction of the walls in framed structures. In Chennai, the
price of this blocks is Rs. 100 and if the volume is larger than the rates may reduce
accordingly. The AAC blocks used in the site are represented in Fig. 2.

2.1.3 Fly Ash Bricks

Fly ash brick, typically masonry bricks, is made of class C or class F fly ash and
water. The bricks can withstand more than 100 freeze—thaw cycles when compressed
at 28 MPa, cured for 24 h in a 66 °C steam bath, and then toughened with an air
entrainment agent [9]. In comparison to burnt clay bricks, fly ash bricks are consistent
in shape and size; as a result, less mortar is needed during construction and finishing
tasks, conserving cement mortar [10]. Compared to burnt clay bricks, fly ash bricks
have greater quality control as they’re machine-made. These bricks are manufactured
in factory, and the dimensions are the same as the conventional bricks. The price of
the fly ash bricks in Chennai is Rs. 6, and the strength is better than the bricks.
Figure 3 represents the fly ash bricks.

2.1.4 Porotherm Bricks

Due to the 60% reduced weight of Porotherm Bricks compared to traditional walling
materials, significant structural cost reductions are possible. The brick’s perforated
shape enables great thermal insulation, maintaining constant interior cooling. The
fact that the blocks are entirely made of clay, as designated by the Green Building
Council of India, makes Porotherm an natural walling material. Moreover, this makes
building quicker and easy handling. These bricks are not the best option for the
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Fig. 3 Fly ash bricks

Fig. 4 Porotherm bricks

building of foundation and base-slab works because of their lower density than clay
bricks, which have a density of 1400-2100 kg/m? and represented in Fig. 4.

These bricks are used in load-bearing and non-load-bearing structures. The price
of these bricks is Rs. 95 and its weathering and construction time are very less.

2.2 Technologies

The construction technology adopted was Mivan construction, as it is popularly
immerging and shares more benefits as well. The cost of construction of Mivan
method is compared with traditional method.
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2.2.1 Traditional Construction Method

The conventional process of construction involves laying the foundation, erecting the
walls, roofing, and then starting to design the building’s interior. This technique is
applied with a framed construction using existing structures and employing common
materials [11]. This technique is popular because it is reliable and durable, and it
accommodates different building designs. These structures only need minimal care
to last for many years in tough environments. One benefit of this approach is that
adjustments may be made with little cost variation during or after construction.
Workflow can be facilitated by integrating the activities. High labor requirements,
difficult quality control, and lengthy and expensive construction are the drawbacks.

2.2.2 Mivan Construction Method

The construction of this method is done using aluminum formwork. This form-
work is one of the most efficient methods available, requiring minimal maintenance
and having a high level of durability [2]. Planning for the entire process is neces-
sary initially. Wall, column, and slab can all be cast at the same time to save time.
Aluminum panels are solid, lightweight, and convenient to handle. These can be
repeated 250 times or more, and if not, it will be expensive. Its formwork’s compo-
nents include sheets, panels, and aluminum rail having a skin plate with a thickness
of 4 and 6 mm ribbing to strengthen the panel.

2.3 Modeling of a Building

The Revit software was used to plan and design the G + 15 residential building,
which has two stairs and four lifts. This is done as part of the research into low-cost
materials and their cost parameters. The residential building’s planning adheres to
standards. This model is used to calculate the quantities of walls made of standard
and low-cost materials. The scheduling of activities and the application of new cost
saving technologies will be integrated to obtain low-cost construction framework.
The building facing is west, and there are 8 units in a floor and each unit is of 580 ft>.

The total buildup area is 8040 ft? per floor. The plan used in this study is represented
in Fig. 5, typical floor plan of G 4 15 residential building of 8 units in each floor.
The section of the 1st floor of G + 15 residential building is shown in Fig. 6.
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The low-cost materials used in walls are identified and their cost parameters are
analyzed. This study confirms that use of eco-friendly and low-cost materials can
lower the construction cost. The above chosen materials are good in strength and
durable. Each has their own advantages and can be selected according to the

availability and other conditions [12].



266 K. T. Murali Krishnan et al.

Table 1 Cost of wall materials

Materials Volume of wall No. of bricks Cost of bricks/ Rate per 1 m?
materials (m?) required blocks (INR)

Bricks 3210 1,605,485 16,054,850 5002

AAC blocks 3210 106,676 10,667,671 3323

Fly ash bricks 3210 1,396,073 8,376,441 2609

Porotherm bricks 3210 178,387 13,379,025 4168

3.1 Materials

When the material cost of clay bricks is compared to the cost of AAC blocks, Fly ash
bricks, and Porotherm bricks, the difference is 33, 47, and 16 respectively. Table 1
shows the material requirement and cost of the materials for the construction of the
wall using various materials.

3.2 Technologies

The cost parameters are been worked out with traditional construction method for
the adopted G + 15 residential building. The activities are identified and the quanti-
ties are calculated. The conventional materials and workflow are considered and the
rates are taken as per the market rate (Chennai, Tamil Nadu, and India). The cost
of construction of G + 15 residential building in this method is Rs. 305,853,000.00
(INR) and it is represented in Table 2. Brick, mortar, and other conventional building
materials, such as timber and steel, are used in traditional construction to erect build-
ings. This approach takes a long time since it involves a lot of labor-intensive on-site
construction of each building component.

The cost parameters are been worked out with Mivan construction method for the
adopted G + 15 residential building. Less labor is used; the building process is quick;
panels are reused; formwork is made to order; it is seismically resistant and requires
less maintenance, and tower cranes are not needed. Finishing lines may be seen,
planning should be done prior to construction, casting requires less alteration, and
shrinkage cracks may occur are some drawbacks suitable for both low- and high-rise
buildings. Estimated building time per floor is 6—8 days. The total budget for the G +
15 residential building is Rs. 384,042,000 (INR), and cost breakdown is represented
in Table 3.
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Table 2 Rate analysis abstract of traditional construction
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Rate analysis of proposed building (traditional)

S. Description Amount
No.
1 Pile foundation up to a depth of 72 121,380,131.55
2 Providing and laying RCC M20 grade for columns, beams, and slabs | 27,449,493.75
3 Providing and laying brick masonry and plastering 32,936,512.50
4 Providing and applying 1 coat white + 1 coat interior primer + 2 coat | 36,194,253.75
emulsion on interior exterior and roof surface
5 Providing and laying flooring tiles 27,719,979.00
6 Carpentry works 21,492,000.00
7 Providing electrification 17,006,046.65
8 Construction of septic tank and sanitary arrangements 21,674,373.18
Total amount 305,852,790.38
Table 3 Rate analysis abstract of Mivan construction
Rate analysis of proposed building (Mivan technology)
S. Description Amount
No.
Pile foundation up to a depth of 72’ 121,380,131.55
2 Providing and laying RCC M20 grade for columns, beams, and slabs | 148,574,493.80
Providing and applying 1 coat white + 1 coat interior primer + 2 coat | 26,194,253.75
emulsion on interior exterior and roof surface
5 Providing and laying flooring tiles 27,719,979.00
6 Providing doors, windows, and painting 21,492,000.00
7 Providing electrification 17,006,046.65
8 Construction of septic tank and sanitary arrangements 21,674,373.18

Total amount

384,041,277.93

4 Conclusion

The papers discuss cost-cutting strategies and methods for increasing productivity.
The design aspects are also reviewed because the customers intend to make changes
and expand the house in the future. When the material cost of clay bricks is compared
to the cost of AAC blocks, Fly ash bricks, and Porotherm bricks, the difference is 33,
47, and 16 in percentage respectively. AAC blocks require fewer bricks, reducing
handling and wastage costs. Traditional construction methods often result in 20—
30% brick wastage overall. Proper material selection can also reduce transportation
and lifting charges. Mivan construction stands in stark contrast to traditional building
methods, representing the latest developments in construction technology. Compared
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to conventional shuttering techniques, the productivity of Mivan shuttering is signif-
icantly higher, with an average of 6.00 m?/man/day compared to 2.10 m?/man/day.
This increased productivity translates into notable cost savings, with the construc-
tion cost of a G + 15 residential building being 25.11% lower when using Mivan
construction. While the difference typically ranges from 15 to 20%), site conditions,
location, and weather can cause variations. The rates used for these calculations are
based on local market rates in the Chennai region.

Ultimately, the decision between traditional construction and Mivan construc-
tion depends on the specific project requirements, including budget, schedule, and
desired quality level. Both approaches offer advantages and disadvantages, necessi-
tating careful consideration before selecting one. Despite the higher initial expen-
diture, Mivan construction is often the preferred option for major projects, given
its significant benefits. Integrating Mivan technology with precast technology can
achieve affordable housing with efficiency and short duration, making it a suitable
option for low-cost housing development.
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Seismic Response Control Strategies )
for Buildings i

J. Jestalt Srisanth, G. V. Rama Rao, and D. Senthil Velan

1 Introduction

An earthquake is a devastating natural disaster that potentially threatens life, destroys
property, and disrupts essential services and public functioning. Natural catastrophes
like earthquakes, floods, landslides, cyclones, and tsunamis frequently occur in India.
Large-scale earthquakes have had an especially negative impact on India in recent
decades. Therefore, there is an urgent need for an earthquake-resistance management
strategy to minimize damage to buildings in the event of an earthquake.

The primary strategy for enhancing seismic performance and damage prevention
of buildings is that of seismic response control strategies like passive, semi-active, and
active control strategies. Addition of base isolation and shear wall as passive seismic
response control system will help in controlling the seismic response of building.
Structural response control is an emerging technology for seismic hazard mitigation
in earthquake engineering and has been widely studied over the world. Whittaker
[5] de-mystifies preliminary design of base-isolation systems in accordance with
international earthquake design standard. Hadihosseini et al. [6] provide the structural
performance of a framed building with shear wall. Rama Rao et al. [2] discuss the
SAP2000 modeling of framed buildings with in-fills and supporting soil modeling.
Rama Rao et al. [4] discuss a parametric study on the nonlinear ductile behavior of
shear wall using ABAQUS finite element software. Rama Rao et al. [3] studied the
nonlinear performance of three identical medium aspect ratio shear walls through
application of monotonic and cyclic loading.

A number of research studies are available for each seismic response control
strategy, however, comparative studies on the effectiveness of various seismic
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response control strategies are found to be scarce. A comparative study is conducted
between these two control strategies. A five-storied building is considered for the
present study and modeled in SAP2000 software using linear time history analysis.
Newhall ground motion data, taken from SAP2000 database, is used for analyses.
In one building, shear wall is designed and added, to resist seismic ground motions.
In the other building with similar dimensions, base isolation is designed to resist
seismic ground motions.

1.1 Base Isolation

The philosophy of seismic resistant design is undergoing a rapid change with
emphasis on preserving the structure and its interiors intact and without letting them
into nonlinear range. The best possible potential alternative is mounting of the struc-
ture on flexible elements which are replaced after a severe earthquake but the parent
structure is prevented from damage. The fundamental idea is to extend the structure’s
time period such that the spectral acceleration is minimized. The inter-story drift is
decreased since the superstructure essentially functions like a rigid body. The isola-
tion moves the structure’s position in the spectrum from the peak-plateau region to the
lower regions by lowering the fundamental lateral frequency of the structure relative
to its fixed base frequency (or lengthening the structure’s time period). Because of
this, higher damping is introduced at the base level as a result, and more damping is
also produced, which further reduces the spectral acceleration. The benefit of using a
base-isolation system is that in the event of an unexpected large-scale seismic activity,
the damage is concentrated only on systems whose elements can be replaced.

1.2 Shear Wall

Shear walls are structural walls that are specifically built into structures to withstand
lateral stresses that are created in the wall’s plane by wind, earthquakes, and other
factors. They are typically given in tall structures and have been found to be of great
assistance in preventing the complete collapse of buildings under seismic forces.
When designing shear walls, we should aim to load them with as much weight as
they can safely support in order to minimize the bending tensile stresses brought on
by lateral loads. In order to prevent torsional strains, they should also be laid symmet-
rically. Figure 2 shows the placement of shear wall symmetrically in a building to
reduce torsion effects.

Shear walls are categorized by type: simple rectangular and with bounding
elements, coupled shear walls, and boxed walls. A simple rectangular type is taken
into consideration where normal gravity load and horizontal shear action along its
length are subjected to bending and shearing. These latter types are called bar walls
(rectangular walls with bounding elements) and are somewhat stronger and more
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ductile. These walls must be designed so that they never fail under shear forces
and do not fail due to deformation of the steel when bent. Shear failure is fragile
and sudden. One of the disadvantages of this shear wall is that as these being rigid,
during an earthquake, it attracts and dissipates a lot of energy by cracking, which
is difficult in repair. This defect can be rectified in coupled shear walls. When two
structural walls are connected by relatively short spandrel beams, the resulting wall
becomes more rigid and the structure is able to release the majority of the energy
by yielding the coupling beams without causing structural damage to the primary
walls. It is easy to repair these coupling beams than the walls. In some buildings, the
elevators and other service areas can be grouped in a vertical core which may serve
as a device to withstand lateral forces. In most of the cases, moment-resisting frames
are connected to stiffening walls. The interaction between rigid walls and moment
frames of tall buildings is worth studying. Frame deflection occurs in shear mode
and walls in bending mode. This interaction tends to reduce the maximum bending
moment but increases the maximum shear force in the shear wall.

2 Analytical Study on Seismic Response Control Strategies

The above two control strategies (shear wall and base isolation) are taken into consid-
eration and applied to a five-storied building. The reference in case one is a normal
framed construction. In the other cases, shear walls are added in one case while base
isolation is used in the other.

2.1 Case Study—1: Normal Framed Building

In this study, we consider a five-story square building with five spans in both X
and Y directions. For this research, SAP2000 software is adopted. The structural
model selected for the analytical study is designed as per IS 456:2000 [7] and linear
time history analysis is performed. A 4 m bay width is common to all bays and a
3 m floor height is common to all floors. Beams and columns are modeled using
3D framing components. Figure 1 shows a 3D SAP2000 model of a normal frame
building. The assumed beams and columns are given its cross-section dimensions,
reinforcement details, and the type of material used. Material properties such as
specific gravity, modulus of elasticity, Poisson’s ratio, shear modulus of elasticity,
specific compressive strength, yield strength, and ultimate stress of reinforcing steel
and concrete are presented.

M25 grade concrete and Fe415 grade steel are the materials used. For all the
simulations, a column with dimensions of 350 mm, 300 mm, and a 300 mm depth
that is orientated in the X-direction is considered. Eight no’s of 16 mm diameter bars
are used for the column’s longitudinal reinforcement, and 6 mm stirrups are used
for the column’s transverse reinforcement at 150 mm c/c. With six no’s of 16 mm
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diameter bars and 6 mm diameter (as per IS 456), stirrups at 150 mm center-to-center;
300 mm x 300 mm beam is used. To account for the impact of cracking, the moment
of inertia of the beam and column have been modified by 0.5 and 0.7, respectively.
The 120 mm slab thickness is taken into account. Outer brick infill walls are assumed
to be 230 mm thick, while partition walls are assumed to be 115 mm thick. The infill
wall is not modeled; however, the mass of the infill is considered and distributed on
the beam. The unit weight of brick infill is taken as 20 kN/m? where a 50% opening
in the all-infill walls is considered.

The floor finish for typical floors is assumed to be 1.0 kN/m? and the imposed load
on the ceiling is assumed to be 2.0 kN/m?. According to IS 1893 Part 1 (2016) [1],
live load is not considered for roof load. These structural data are listed in Table 1.
In order to simulate the slab’s high in-plane stiffness, diaphragm constraint action is
assigned at each floor level. Self-weight and loads acting on the slab are calculated
separately as triangular loads and applied on the supporting beams. Beam and column
connections were modeled by setting end length offsets for frame members. Dead
load and live loads are applied as gravity loads. The importance factor is assumed to
be 1.0, and the response reduction factor is assumed to be 3. Load combinations are
considered as per IS 1893 (Part 1): 2016 [1]. A linear time history analysis has been
performed in the X-direction (along the side of a 300 mm deep column) by applying
Newhall earthquake date. Further, modal analysis is also performed. Table 2 shows
the shear force, bending moment comparison of the critical column. The natural
time period of the building is shown in Table 3. A comparison of inter-story drift is
plotted in Fig. 6 and the top deflection of each floor is plotted in Fig. 5. The columns
adopted for the study do not meet design seismic load calculations for zone-V, but
only for the calculations for zone-III. To overcome this, a column size of 450 mm
x 400 mm is used to meet the building design in zone-V with a depth of 400 mm
oriented along the X axis where the longitudinal reinforcement in column is 12 no’s
of 16 mm diameter reinforcements bars with 8§ mm diameter stirrups at 150 mm c/c
spacing.

Table 1 Structural data of the structure

Grade of concrete M25 Column size 300 x 350
Grade of steel Fe415 Beam size 300 x 300
Floor to floor height 3.0m Infill wall thickness 230 mm
Floor finish 1 kN/m? Partition-wall thickness 115 mm
Slab thickness 120 mm Seismic zone \%

Live load 2 kN/m? Responsereduction factor 3

Soli type Medium Importance factor 1




276 J. Jestalt Srisanth et al.

Table 2 Critical column comparison

Case study number Bending moment (kNm) Shear force (kN)
Fixed frame 375.5 204.9

Shear wall 166.2 103

Base isolation 228.4 165

Ta.b le. 3 Time period of the Case study number Time period of the building (s)
building

Fixed frame 0.649

Shear wall 0.452

Base isolation 1.27

2.2 Case Study—2: Framed Building with Shear Wall

In case study 2, all the geometric and material properties of case study 1 are used and
additionally, and shear wall is added. The design of shear wall is carried out with an
assumption that the shear wall will resist 50% of the lateral moment and remaining
50% will be resisted by columns in the framed system. Four shear walls are added
on the four sides middle, in such a way that torsional stress will not occur. Different
modeling methods are used to represent shear walls, including combinations of shell
and frame parts. The most popular modeling method, also known as the wide column
method, consists of a mid-pier frame to reflect the stiffness of the shear wall and a
horizontal frame (rigid arm) to allow proper couplings with intersecting beams and
slab components.

Shear wall is designed as per IS 13920: 2016 [8]. The designed shear wall has a
width of 2.5 m and a thickness of 200 mm, each direction with two numbers. The
main reinforcement of 12 mm diameter with a spacing of 200 mm c/c and lateral
reinforcement of 10 mm diameter with a spacing 200 mm c/c are used. The short
beam connecting the column and shear wall has a higher depth of 400 mm to sustain
the bending moment of the shear wall. The materials used for shear wall are M25
grade concrete and Fe415 grade of steel. Figure 2 shows the 3D SAP2000 model
of the framed building with shear wall. Linear time history analysis is performed in
X-direction (along 300 mm depth side of column). The shear force, bending moment,
and inter-story drift of critical column are given in Table 2; and the time period of
the building is tabulated in Table 3. Building with column size 350 mm x 300 mm
with shear wall is able to withstand the seismic zone-V. The top deflection of each
floor is plotted in Fig. 5.
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2.3 Case Study—3: Framed Building with Base Isolation

Similar to case study 2, all the geometric and material properties of case study 1 is
used in case study 3 and additionally, instead of shear wall, base isolation is added.
The design of base isolation is made with an assumption of 50% reduction in the
seismic response.

Laminated rubber bearing isolator is one type of isolators and is considered for
the present study. It has a vertical load carrying capacity and is made of rubber
in alternating layers. Steel laminated plates at the top and bottom of these layers
distribute vertical loads and transmit shear force to the internal rubber layer. A rubber
cover that protects the steel laminated plates is included on the top and bottom of
the plate. This isolator with much lower horizontal stiffness is introduced between
foundation and the superstructure. Spectral acceleration decreases with an increase
in the system’s natural period, which in turn reduces the force acting on the structure.
But the system’s displacement dramatically rises. This is due to the deformation of
the rubber layer.

Base-isolation design includes determining the size of isolator, height of isolator,
number of rubber layers and steel plates provided, mass of the isolator, horizontal
stiffness and vertical stiffness of isolator. The provisions for evaluating these prop-
erties are stated in IS 1893 (Part 6): 2022. In this study, a framed building with
base isolation is designed as per IS 1893 (Part 6): 2022 and is shown in Fig. 3. The
isolators are modeled as link elements by giving relevant properties in SAP2000
software. Figure 4 shows the SAP2000 Elevation view of the Base Isolated structure.
The isolators are placed on the pedestals to support the building. Linear time history
analysis and modal analysis have been performed.

3 Comparative Study

By performing linear time history analysis, the model is analyzed in each case. The
story deflection, bending moment, and shear force value of the critical column are
compared for all three cases, and the time period of the three cases is also tabulated
when performing modal analysis.

4 Conclusion

This study presents an analytical evaluation of the seismic response of three buildings
using two alternative seismic response control techniques.

e By using linear time history analysis, the linear behavior of a framed building
with a normal frame, a shear wall, and base isolation are compared.
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e From the study, it is observed that addition of shear wall has more effective and
economical. Unlike base isolation, addition of shear wall doesn’t require special
construction technology. Because of the limitations in the base isolation, it may
be ideal for all cases.

e We conclude that the construction of a shear wall reduces the natural period of the

structure, increases lateral stiffness, and decreases bending moments and column
shear stresses.

e Shear wall construction as a response control is a more practical choice and
possesses better construction feasibility for low to medium rise buildings.
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Study on Sustainable Building Materials )
to Develop Block for Net Zero Carbon oo
Building

Abishek Rauniyar and L. Krishnaraj

1 Introduction

The issue of climate change and the need to reduce carbon emissions has become a
pressing concern for the building industry. Buildings are responsible for a significant
portion of the world’s energy consumption and greenhouse gas emissions, with the
construction and operation of buildings accounting for nearly 40% of the world’s
energy usage and 36% of carbon emissions [1]. Considering this, there is a growing
need to develop sustainable building materials and design strategies that can help to
reduce the carbon footprint of buildings and move toward net zero carbon emissions
[2]. Sustainable building materials refer to materials that are sourced, produced, and
used in an environmentally responsible manner, and that have a lower environmental
impact than traditional building materials. These materials can include, but are not
limited to, materials such as bamboo, straw bale, rammed earth, and reclaimed wood
[3]. They can also include products made from recycled materials, such as recy-
cled steel, aluminum, and glass. The use of sustainable building materials can help
to reduce the environmental impact of buildings by reducing the amount of energy
required to produce and transport the materials, as well as by reducing the amount
of waste generated during the construction process [4]. In addition to the use of
sustainable building materials, the concept of net zero carbon building involves the
integration of energy-efficient systems and technologies, such as solar panels, wind
turbines, and geothermal systems, that can help to offset the carbon emissions associ-
ated with the building’s energy usage [5]. This can be achieved through a combination
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of energy conservation and the use of renewable energy sources. The goal of net zero
carbon building is to produce as much energy as the building consumes, effectively
eliminating its carbon footprint [6].

This paper aims to develop sustainable building materials to develop net zero
carbon building, and here developed sustainable based Block which is made from
natural waste for this project used sugar cane baggage and cornstalk through
compaction forming technology, cornstalk CS and sugarcane baggage bio-composite
(CMB) is developed as an eco-friendly sustainable-based block. The engineering
properties of CMB were investigated by testing its physical, mechanical, and thermal
insulation properties as a function of forming pressure (FP), concrete content (CS),
and fly ash content (FA). A scanning electron microscope (SEM) was also used to
examine the microstructural properties of typical CMB samples. As a result of these
findings, the use of compaction forming technology for manufacturing CMB will
become more widespread.

2 Literature Review

A recent literature review has examined the current state of research on sustain-
able building materials and their potential to contribute to the development of net
zero carbon buildings [7]. The literature reviewed focused on materials such as
bamboo, rammed earth, and reclaimed wood and how they can be used to reduce the
embodied energy and carbon emissions associated with traditional building mate-
rials, such as concrete and steel. The literature reviewed found that bamboo, which
is a fast-growing and renewable resource, has the potential to be a highly sustainable
building material. It requires minimal energy input to process and has a high strength-
to-weight ratio, making it suitable for use in construction. Rammed earth, which is
made from locally sourced soil, can be created with minimal machinery, and has a
low embodied energy, making it an environmentally friendly alternative to traditional
brick or block construction. Reclaimed wood, meanwhile, reduces the demand for
new wood products and can help to preserve old-growth forests [8]. The literature
also highlighted the importance of considering the entire lifecycle of building mate-
rials, from extraction and production to disposal or reuse. It emphasized that the use
of sustainable building materials in the construction of new buildings and retrofitting
existing buildings can significantly reduce the carbon footprint of the built envi-
ronment and move closer to achieving net zero carbon emissions. Additionally, the
literature reviewed also discussed the importance of incorporating sustainable mate-
rials into the building design and construction process. It suggests that architects,
builders, and designers should work together to ensure that sustainable materials are
integrated seamlessly into the building design, to achieve the desired aesthetic and
functionality. In conclusion, this literature review has demonstrated that sustainable
building materials such as bamboo, rammed earth, and reclaimed wood have the
potential to make a significant impact in the construction of net zero carbon build-
ings. The use of these materials can help to significantly reduce embodied energy and
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carbon emissions, while also sequestering carbon, thus reducing the overall carbon
footprint of buildings. It also emphasized the importance of considering the entire
lifecycle of building materials and the need to incorporate them into the building
design and construction process to achieve a sustainable built environment.

2.1 Cost-Benefit Analysis

The carbon benefit analysis of SBB compares the amount of CO, emitted when the
blocks are utilized as a fuel source to the amount emitted when the blocks are not
used as a fuel source. SBB is an organic energy source manufactured from wood
chips, sawdust, and agricultural waste that is renewable and sustainable [5, 6]. SBB
are carbon neutral as a fuel source because they do not emit carbon dioxide into
the environment as they disintegrate. Rather than relying on nonrenewable energy
sources, SBB retains and utilizes carbon as a source of energy, lowering the total
carbon footprint. To quantify the carbon benefit of SBB, a lifecycle assessment may
be performed, which comprises examining all carbon emissions created during the
manufacture of SBB, from harvesting and shipping to manufacturing. The carbon
footprint linked with nonrenewable energy sources, like coal and oil production
and transportation, must also be evaluated as part of the carbon benefit analysis. A
carbon benefit analysis suggests that SBB is a sustainable and ecologically friendly
alternative to fossil fuels and can cut greenhouse gas emissions and prevent climate
change. In India, agricultural waste management is a serious concern. Among the
agricultural wastes produced each year are paddy straw, sugarcane bagasse, cotton
stalks, and maize husks. The burning of agricultural waste in the fields pollutes the
air, degrades the soil, and causes health concerns. Greenhouse gas emissions are
created because of the combustion of agricultural waste. Agricultural waste, which
is frequently utilized to manufacture biomass solid bricks, has grown in popularity
in recent years. This substance can be used as fuel by the brickmaking industry, for
example. By converting agricultural waste into solid bricks through biomass solid
brick manufacture, the environmental effect of burning agricultural waste may be
mitigated.

3 Materials and Methodology

3.1 Methodology

Research methodology is the process of locating, selecting, analyzing, and evaluating
information on a certain topic. It is possible to evaluate a study’s overall validity
and reliability by looking at the methodology section of the article. Two critical
difficulties were raised in the introduction, and both are addressed in the approaches
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section. What methods were used to collect or create the data? As far as I know,
that’s how it was looked upon. Ultimately, the ultimate purpose of research is to
find the truth that has been hidden and has not yet been disclosed by other ways of
investigation. The purpose of research is to reveal answers to open-ended issues via
the use of scientific techniques. The following general classifications may be used to
categorize research objectives: To get acquainted with a phenomena or to obtain fresh
insights into it is to familiarize oneself with it, to correctly depict the qualities of a
certain person, circumstance, or group of people (studies with this object in view are
known as descriptive research studies), for the purpose of determining the frequency
with which something happens or with which it is connected with another (studies
with this goal in mind are referred to as diagnostic research studies), a hypothesis
about a causal link between two variables is being tested. Good research must be
systematic, logical, empirical, and replicable. Keeping that in mind a research study
must contain a solid and properly structured research methodology.

3.2 Materials

The raw materials used in this study include CS, sugarcane baggage, limestone
powder, silica fume, gypsum powder, and FA. The CS was harvested at a farm in the
northern India. CS was crushed and screened in the laboratory to a size of 5-15 mm,
and we used CS and SCB for our samples. The materials used in the preparation of
SBB are lime powder, fly ash, and silica fume. An Indian Refractory Plant supplied
pellets of specific surface area of 230 m? = kg and average particle size of 1.05 mm.
Following calcination at 1500 °C for 6 h, MgO powder had a purity of 89.5%.
Fine Chemical Plant of Northern Province, India supplied the glue and fiber used
in the experiment. It was calcined using commercial MK with a 700 °C calcination
temperature. Indian Power Plant supplied the SBB and FA as an admixture. Aggre-
gates and fluid CS and sugarcane baggage are bonded together to form concrete,
which hardens over time. Concrete made from Portland CS and sugarcane baggage
is the most common type of concrete used today. CS and sugarcane baggage is a
major constituent of concrete that is causing alarming environmental damage. For
every ton of CS and sugarcane baggage produced, approximately 0.9 tons of carbon
dioxide are released into the atmosphere. Greenhouse gases such as carbon dioxide
are largely responsible for global warming. Thus, we need to investigate alternative
concrete ingredients to reduce the environmental impact of concrete. Green concrete
replaces hazardous materials in concrete with eco-friendly materials. Various indus-
trial by-products are used to make green concrete, including fly ash, silica fume,
metakaolin, and GGBS. Because these by-products are harmful to the environment,
they are used in concrete in a way that ensures their safe disposal and that reduces CS
and sugarcane baggage production, another threat to the environment. Researchers
have worked on alternatives to CS and sugarcane baggage for years, but this paper
examines their work. Lastly, various materials have been compared as alternatives
or partial replace CS and sugarcane baggage s of CS and sugarcane baggage.
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Table 1 Chemical properties of raw materials

Chemical composition | Lime powder (%) | Silica fume (%) | Fine gypsum powder (%)
Cao 38-42 0.25 18.86

Sioy 15-18 96 19.83

Aly03 3-5 0.25 11.63

Mgo 0.5-3 0.56 5.75

Fe + fe20, 1-1.5 0.55 6.20

Loss in ignition 30-32 0.15 35.24

SO3 3-5 0.89 0

3.3 Sample Preparation

The binder of Fly ash and gypsum consists of Limestone with a B1, B2, and B3
fixed mass ratio, determined from a preliminary test based on chemical properties
of materials and shown in Table 1, the detail about procedure of making block.
The premix total mass (TMP) was calculated based on sample size and CS content
(defined as the mass ratio of CS to TMP). The FA content was determined by the
mass ratio of FA to fly ash binder. Raw materials were weighed accurately (0.01 g)
using an electronic balance. The mixing process involved adding dry cementitious
materials (limestone, gypsum, silica fume, and FA) to a mixer, then mixing uniformly
at low speed with a Los Angeles machine and vibration machine. Water was gradually
added, and mixing continued during casting. The samples were cured in a standard
room and tested after reaching the designated curing age.

4 Results

4.1 Mechanical Properties

Compression Strength

Unlike traditional structures, modern structures (such as masonry units) don’t support
loads. A minimum compressive strength requirement of 4.87 MPa was specified
by ASTM for CS and sugarcane baggage blocks. The Indian standard, on the
other hand, specifies a minimum compressive strength of 1.35 MPa. In addition
to matrix strength and aggregate strength, CS and sugarcane baggage concentration
and water-to-CS and sugarcane baggage ratio all influence the compressive strength
of concrete. The compressive strength has been reported to decrease in several studies
after agricultural waste was substituted for aggregates. A 15% replaces and sugar-
cane baggage of coarse aggregates with pistachio shells reduced the compressive
strength of concrete by 24%. Waste material derived from periwinkle shells also
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Table 2 Compressive strength for CS block

Mix type | Mix composition Mix ID | Compressive strength in MPa
7 days | 14 days |28 days
CS (50, 30, 5 and 15%) (AW, L, SE, ES) Bl 3.63 3.83 4.62
(30, 20, 10 and 30%) (AW, L, SE, FS) | B2 3.87 4.12 4.89
(35,25, 15 and 25%) (AW, L, SE, FS) | B3 4.12 4.52 4.80

Table 3 Flexible strength for CS block

Mix type | Mix composition Mix ID | Flexible strength in MPa
7 days | 14 days |28 days
CS (50, 30, 5 and 15%) (AW, L, SF, FS) Bl 1.13 1.63 1.96
(30, 20, 10 and 30%) (AW, L, SE, FS) | B2 1.29 1.79 2.13
(35, 25, 15 and 25%) (AW, L, SE, FS) | B3 1.86 1.86 224

gave similar results. Concrete containing agricultural waste showed less strength
than concrete containing coarse aggregate, even when farm waste was substituted
for coarse aggregate (Table 2).

A test program was developed to demonstrate the compressive strength of CS
blocks. Based on the results, the type of waste used, as well as the percentage of
replaced CS and sugarcane baggage, significantly affect the block’s compressive
strength decreased as the waste content increased. This may be because agricultural
residue has a lower mechanical resistance than sand, as well as the fact that the mortar
with agricultural materials added has a greater share of water than CS and sugarcane
baggage. The compressive strength of agricultural waste may also decrease, as shown
in Table 3, because it is lighter than river sand. Since coconut husk is denser than
other agricultural waste, CS and sugarcane baggage blocks containing coconut have
greater compressive strengths than those containing sugarcane bagasse, as coconut
husk is denser than other agricultural waste materials. Meanwhile, sugarcane yields
the lowest compressive strength among the considered agricultural waste materials.
In accordance with ASTM C129, most CS and sugarcane baggage blocks meet the
specified minimum requirements, except for those with a B1mix ratio. ASTM C129-
compliant CS and sugarcane baggage blocks made with coconut husk may be made
using a B1 mix ratio. There is no need to incorporate coconut husk in a B1 ratio
for the density of the four types of CS and sugarcane baggage blocks that do not
contain coconut husk. For example, pistachio shells, sawdust, and coconut husks are
all thought to have a similar compressive strength as CS blocks.

Flexural Strength

The ability of a block to withstand flexural loads can be estimated by measuring the
flexural stress. In general, a fracture occurs on the tensile side of the block that is
closest to the middle of the cross-section. Figure 10 illustrates that flexural all have a
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role in flexural strength. Similarly, the compressive and flexural strengths of agricul-
tural material decreased. Table 4 represents the flexible strength of cornstalk block in
different ratio of materials. Pistachio shells were also utilized, and it was recognized
that decreasing their effective binding would decrease the flexural strength. When oil
palm shells were used as coarse aggregates, the concrete lost 39% of its compressive
strength compared to the control concrete at 30% replace and sugarcane baggage.
The present findings are consistent with those obtained by adding coconut husk to
the CS and sugarcane baggage mortar. The flexural strength was found to decrease by
23% and 46% at 20% and 50% substitution, respectively, compared with that of the
control hardened mortar. The type of waste was considered in this experiment. CS
and sugarcane baggage blocks containing coconut husk have higher flexural strength
than those containing straw. The experimental results were evaluated using linear
regression to generate a proportionality equation relating the flexural strength (ft)
of the CS and sugarcane baggage blocks to their compressive strength ( f,) in the
conventional form ft = a f, b.

4.2 Micro-structure Analysis

Figure 11 shows the typical micro images with 10,000 magnifications of CMB,
which has 20%, 25%, and 35% CS, respectively, because of SEM tests on SBB.
In this study, strong adhesion and excellent biocompatibility of MPC binder were
observed between MPC binder and CS. The bonding between MPC and CS was
significantly weakened by the addition of CS to the MPC. Particularly after the
CMB with 45% CS was cemented with MPC, the strength gain was decreased due to
incomplete cemented CS [9]. During the testing of SBB, one of the main mechanisms
of agglomeration was improved by the addition of struvite to the MPC, increasing
the agglomeration effect between the two products. The microstructure of SBB with
CS contents of 45, 10, 15, and 20% is presented under the CS content of 45%. In
SBB, FA particles tend to fill the micropores between CS and MPC as the FA content
increases. A conglomerate structure is formed inside the SBB by the production of
struvite and FA [10]. Additionally, as the FA content exceeds 10%, the porosity also
increases significantly. MPC may have weakened its bond with CS due to excessive
FA particles delaying hydration. The scanning electron microscopy analysis for CS
Block for 7 days casting minerals and it gives the same type of results for 14 days
and 28 days, then only with the list of 7, 14 and 28 days results we can analyze the
micro structural CS block.

4.3 Cost-Benefit Analysis

An overview of the estimated costs associated with each of the three mixtures devel-
oped in this study is provided in the following Table 5. As far as raw materials are



A. Rauniyar and L. Krishnaraj

288

(Sd IS “T1°MV)
SLTIT SLY Ol €00 't 99 'L ¥0°0| (%STPUB Gl ‘6T “SE) €d
(S 4S “1°MV)
SLTIT SLY Ol €00 'l 99 S'L ¥0°0| (%0€ PUR 0l ‘0T ‘0€) [4:t
(S 4S “1°MV)
SL'L SLY'L €00 'l 99 S'L ¥0°0 (%S1 pue G “0¢ “0S) d
- 9¢l €00 I'1 99 S'L 300[q yse A1
(3s00) (3s09)
(101105 0} pareduwon) I09jeAN | owng voIIS | Topmod owir | (3509) yse A POUIPOIN | N[eISuIo)
JuawRIdul 350D | (SN) 1509 8101, 9% WS1m Aq suoniodoid AL XIN| ON'S
(¢ 13d) sQImIXIW [[E JO SISATRUE 180D AqEL



Study on Sustainable Building Materials to Develop Block for Net Zero ... 289

concerned, modified fly ash, silica fume, and lime powder are the only product that
can be sold along with the cost of producing mixed cement. On the other hand, the
remaining materials such as cornstalks, modified fly ash, and PPC cement were freely
obtained since they are currently discarded in landfills in India and have not been
recycled to date. During the time the raw materials for this research were purchased,
the unit prices were based on the market prices on the local Indian market in January
2023. During the cost analysis, it was determined that the total cost per m? varied
between USD 11.75 and 12.6. Approximately 2200% more expensive (B2) was regis-
tered for the agriculture waste mixes as compared to the control mix, and the cost
increased linearly with the increase in the agricultural waste dosage. However, when
cornstalks, modified fly ash, and cement-admixed mixtures were substituted with a
small dosage of 5%, their costs were comparable to those of the control mix. Based
on their dosages from 5 to 20% and corresponding water requirements, cornstalk,
modified fly ash, and cement mixes have a cost variation of 0-6%.

S Discussion and Analysis

Based on the findings of the study on sustainable building materials to develop net
zero carbon buildings, the following points can be discussed and analyzed:

® A net zero carbon footprint in buildings is achieved by using sustainable building
materials [11].

e The study identified various sustainable building materials that can be used
in construction, such as cornstalk, straw bale, and hempcrete, and 17% of
Agricultural waste.

e These materials have lower embodied carbon and can also provide improved
thermal insulation and air quality 11.2% is good as compared to clay bricks.

e The weight and cost of the biomass bricks were found to be 40% lighter than the
normal clay bricks [12].

e The average compressive strength of the clay bricks was average 4.97 MPa and
of the biomass bricks was 5.37 MPa, and the results show that the biomass bricks
have higher compressive strength [13].

¢ The study suggests that the adoption of sustainable building materials in construc-
tion can significantly reduce carbon emissions up to 97%, which is essential to
address the global climate crisis.

e The study highlights the need for policy interventions and market incentives to
promote the adoption of sustainable building materials in construction.

e Several barriers have been identified as preventing the adoption of sustainable
building materials in the construction industry, including the high cost of sustain-
able building materials, a lack of awareness of their benefits, and the lack of proper
regulations.
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¢ Building materials that are innovative and emerging are sustainable: Based on the
study, it is evident that innovative and emerging sustainable building materials
can reduce the carbon footprint of buildings, including cross-laminated timber,
engineered wood, and bio-based materials. The effectiveness, scalability, and cost-
effectiveness of these strategies require further investigation [14].

6 Conclusion

To conclude, the study on sustainable building materials to develop net zero carbon
buildings has highlighted the importance of using environmentally friendly resources
in the construction industry. Several studies have documented that the use of sustain-
able building materials, such as bamboo, cork, and recycled materials, can signifi-
cantly reduce the carbon footprint of buildings. The study has also demonstrated that
the use of these materials can improve the overall energy efficiency of buildings and
contribute to the reduction of greenhouse gas emissions. A major aim of the study is to
provide insights into the challenges and barriers that need to be overcome to increase
the adoption of sustainable building materials in the construction industry. Sustain-
ability materials are expensive, there is a lack of awareness and understanding of their
benefits, and there are no proper regulations in place. The study has also provided a
set of recommendations for further research and practical applications of sustainable
building materials in the construction industry. There is a need for further research
on the long-term performance of sustainable building materials, for the development
of guidelines and standards, and for the creation of financial incentives aimed at
encouraging the use of sustainable building materials. Based on the results of this
study, it can be concluded that the use of sustainable building materials is an essen-
tial part of achieving net zero carbon buildings and reducing the carbon footprint
of the construction industry. Researchers have published findings that can be used
by architects, builders, and policymakers to make informed decisions regarding the
development of the built environment and contribute to its sustainability.
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Green Building Rating Systems: )
A Comparative Study of Global oo
and Indian Standards

K. S. Anandh®, M. G. Soundarya Priya@®, S. Senthamizh Sankar ®,
and K. Prasanna

1 Introduction

The construction world is framed after decades of development, from basic brick
walls to our advanced 3D printing. The construction industry is the leading industry
in the world, giving new creations. Construction is the act of creating structures [1].
Also, the effects produced by this construction industry are good but still have an
enormous impact on environmental degradation [2-6]. Here comes the aspect of
pollution control caused by the construction industry. This leads to the responsi-
bility of maintaining a deep-rooted balance of environmental, economic, and social
health. It provides a set of rights for constructing environmentally friendly structures
so that the adverse effects of buildings on the environment and occupants are miti-
gated. The vital aspect is adaptability to the upcoming advancements to establish
required thermal, visual, and acoustic comfort with efficient energy usage. The act
of living under a roof gave rise to the process of constructing structures. This leads
to the well-known construction industry. Buildings have humongous and endlessly
increasing effects on environmental issues about 0.4% of natural resources have
been derived from industrial countries [1], utilizing about 0.7% of electric power
and 0.12% of drinking water [7] and produce about 0.45-0.65% of the waste to
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landfills [6]. Further, they are reasonable for an enormous emission of harm. Consid-
ering about 0.3% of greenhouse gases are because of their operation, an additional
0.18% has been produced indirectly due to material waste and transportation [6-8].
Simultaneously, health problems are caused due to bad indoor environment quality,
drastically reducing productivity [9]. GREEN BUILDING refers to both construc-
tion and operation of the building throughout its lifecycle, which positively impacts
our climatic conditions and natural environment. GREEN BUILDING saves energy
and resources and reduces toxic substances to provide occupants with a sustain-
able building and healthier space. The outlook of this paper is to expose a cluster
of information available from technical manuals and official websites. This paper
enriches the analysis of numerous building rating systems by collecting data from
multiple sources, exposing the evolution of the considered rating systems over time,
and providing a geographical representation of a global evaluation. In addition, the
scoring credits for rating systems that are being analyzed are posted.

2 Methodology

The two most possible way for literature reviews is deductive and inductive paths
[10]. The deductive path is employed here; whereas the literature identifies critical
criteria, widely existing green building rating systems are used for analyzing those
critical criteria. Here, a detailed review based on literature is accomplished to express
the critical criteria. The resource data is obtained from the thesis, conference proceed-
ings, journal papers, and manual books. After that, globally available rating systems
were examined and denoted in further levels. The final phase of the paper involves a
detailed discussion regarding the credit allocation of the considered rating systems.
Globally significant GBRS (Green Building Rating System) to evaluate green build-
ings are recognized. Among those four rating systems are chosen, and a comparison is
established. Existing comparison data are produced from various published papers,
conference papers, and thesis. Compiling all these data, an overall comparison is
shown. Chronological developments and their comparison to the convention are
also obtained simultaneously. The research methodology of this paper is shown in
Fig. 1. The major focus is given to Indian Green Building Council (IGBC), Building
Research Establishment Environmental Assessment Method (BREEAM), Green
Rating for Integrated Habitat Assessment (GRIHA), and Leadership in Energy and
Environmental Design (LEED). Seven important themes are considered. Maximum
and Mandatory Points of each theme have been calculated. Maximum Points of
each theme have been analyzed and calculated as their Weightage in Percentage.
Mandatory Points have also been calculated as per their Weightage in Percentage.
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Fig. 1 Research methodology

3 Green Building

The Office of Federal Environmental Executive (OFEE) and the Environmental
Protection Agency (EPA) defines GB as [11]—"“the practise of increasing the effi-
ciency with which buildings and their sites use energy, water, and materials and
reducing building impacts on human health and the environment through better siting,
design, construction, maintenance, and removal—the complete building life cycle”
GB is a globally emergent new trend. The green building movement began when the
built environment was transformed into one that is healthier, more sustainable, and
more considerate of building occupants [12—14].

4 Rating Systems

A rating system provides a metric for designers, builders, and owners to evaluate
their initiatives’ relative environmental and sustainability performance. Focusing on
a sustainability stage using an existing rating system can aid in ensuring that initial
objectives are met through the completion of construction. The most excellent inten-
tions may be jeopardized as a project’s budget, schedule, and other pressures increase
[13, 15]. Worldwide there are many GBRS (Green Building Rating Systems), such
as:

BREEAM—Building Research Establishment Environmental Assessment
Method, LBC—Living Building Challenge, BEAM PLUS—Building Environ-
mental Assessment Method, HQE—High-Quality Environmental standard, TREE—
Thailand Rating of Energy and Environmental Sustainability, GREENSHIP, IGBC—
Indian Green Building Council, BCA—Building and Construction Authority,
GRIHA—Gtreen Rating for Integrated Habitat Assessment, BEE—Bureau of Energy
Efficiency, LEED—Leadership in Energy and Environmental Design, GREEN
MARK, CASBEE—Comprehensive Assessment System for Built Environment Effi-
ciency, GPR—Green Point Rated, GS—Green Seal Standard, EDGE—Excellence
in Design for Greater Efficiencies, LOTUS, DGNR—Deutsche Gesellschaft fur
Nachhaltiges Bauen [16].

This paper uses four well-established GBRS (Green Building Rating Systems)
from various countries. These rating systems were selected to compare globally
used tools and those used in India. So, LEED, BREEAM, GRIHA, and IGBC are
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&
Fig. 2 Globally existing GBRS [18]

chosen for this paper. Globally existing Green Building Rating Systems (GBRS) are
shown in Fig. 2. The selected four rating systems are BREEAM (UK), LEED (USA),
GRIHA, and IGBC (India). Many rating systems worldwide show the development
of green buildings in sustaining the consumption of current energy for future use.
This Rating System compiles thirty-four criteria classified into four sections. Some
are as follows: Site selection, building planning and construction, building operation
and maintenance, and innovation [17] (Fig. 3).

5 Main Features of the Above Rating System

The important features of the above-discussed four rating systems are listed in the
following tabulation. The main features of the four rating systems, such as BREEAM,
LEED, GRIHA, and IGBC, are listed in Table 1 [19]. The credit allocations of
BREEAM, LEED, GRIHA, and IGBC withrespect to categories are shown in Table 2.

6 Selection of Criteria

LEED, BREEAM, IGBC, and GRIHA are considered to compare. Comparison is
made based on criteria, “attaining objectives by considering the analysis using the
required parameters,” as defined by Munier [19]. The basic conditions used to analyze
each rating system are designated below [21, 24]—Site selection, Energy, Water,
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Fig. 3 a-d are the criteria allocated for BREEAM, LEED, IGBC, and GRIHA

Indoor Environment Quality (IEQ), Material, Waste and pollution, and Management.
The assessment scope of rating systems with respect to criteria is shown in Table 2.

Primary goals in site selection for green buildings include protecting sensitive
sites, restoring and reusing previously developed sites, and minimizing transporta-
tion impacts on environmental and energy use. Reducing a building’s energy demand
by designing it from the outset to consume less energy and be more efficient
through equipment selection and high-quality construction. The selection of mate-
rials for green structures appears laborious. Green building materials favor renew-
able over non-renewable resources and are environmentally responsible because their
impacts are evaluated over the lifecycle of the product. In addition, green buildings
are constructed with reusable, eco-friendly materials that do not compromise the
building’s durability or occupants’ health [18]. Minimizing the potential for water
consumption by reducing the quantity of water used in the home through enhanced
efficiency. Buildings can be designed to include more water catchment systems, such
as cisterns, containers, and swales. The collected water can be routed and utilized for
a variety of purposes, including evaporation in toilets, refrigerators, etc. Improving
residents’ health by moderating the levels of indoor humidity, toxins, and pollutants.
Greenhouse gases are not the only harmful pollutant that buildings emit. The levels of
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Table 1 List of main features of four rating systems [18, 20, 21]

K. S. Anandh et al.

BREEAM LEED GRIHA IGBC
Full form Building research | Leadership in | Green rating Indian green
establishment energy and for integrated | building council
environment environment rating
method design assessment
Country UK USA India India
Organization BRE USGBC TERI CIl
(The Energy (Confederation
and Research | of Indian
Institute) Industry)
Flexibility 77 countries 160 countries India India
First version 1990 1998 2000 2001
Last version 2016 2013 2015 2014
Rating criteria Management Integrative Site Site selection
Health and process parameters and planning
wellbeing Indoor Maintenance | Water efficiency
Energy Environment and Energy
Transport Quality housekeeping | efficiency
Water Energy and Energy Materials and
Material Atmosphere Water resources
Waste Location and Human health | Indoor
Land use and Transportation | and comfort environment
ecology Water efficiency | Social aspects | quality
Pollution Material and Innovation Innovation in
Innovation Resources design
Sustainable
Sites
Regional
Priority
Innovation
Rating level Pass > 30 Certified > 40 1star > 25 Certified > 50
Good > 45 Silver > 50 2star > 40 Silver > 60
Very good > 55 Gold > 60 3star > 55 Gold > 70
Excellent > 70 Platinum > 80 | 4star > 70 Platinum > 80
Outstanding > 85 Sstar > 85 Super platinum
> 90
Rating | Sections | 10 8 7 7
scheme | Crjgeria | 57 57 36 42
Total 100 110 100 100
score

air pollution indoors are significantly higher than those outdoors. “Facilities manage-
ment’—a discipline that plays a vital role in engineering, construction engineering,
architectural, and management knowledge, particularly for maintaining or running
commercial, institutional, and industrial buildings. The vital role of the facilities
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Table 2 Assessment scope [22, 23]

Rating systems | Site | Water |Energy |IEQ |Materials | Waste | Management
LEED v v v v v X X
BREEAM v v 4 X v 4 v
IGBC v v v v v v X
GRIHA v v v v v v v

manager is to care existing building inventory as well as future planning and risk-
based maintenance [23]. Growing waste generation and disposal rates will increase
pressures on the environment. The main aim of sustainable waste management is to
address long-term pressures through: recovery and recycling, resources reuse, waste
streams to be reduced, and managing the resources in a sound environment and in
an economically effective manner [23].

7 Discussion: Comparison of Criteria and Scoring

The comparison of criteria and scoring of BREEAM, LEED, IGBC, and GRIHA
is shown in Fig. 4. Considering the comparison among rating system from the first
priority. Table, it shows energy condition is having. Rating systems IGBC, GRIHA,
LEED, and BREEAM have given importance for energy condition above 30% than
other conditions. But LEED has highest priority to energy of about 39.75 of the
total percent. The important point for causing enormous of the GB rating systems
is because the future is going to suffer a greater energy demand crisis [25]. After
comparison among LEED, BREEAM, GRIHA, and IGBC, among these, LEED
is having a rigorous and comparatively lesser flexible than remaining GB rating
tools. Based on the observation, it is known that “energy” criteria are approximately
equivalent in considered rating tools.

The next most pressing matter here is “Water” condition. Among all, IGBC
acquires about 20.22% of final score for water criteria. Water criteria are least in
GRIHA showing 13% of total score. Main aspect in this criterion is to maintain a
controlled usage of water which is attained by focusing on the implementation of
water saving indicators and also innovative water technology; these can be viewed in
LEED [25]. Here comes the next concern toward “IEQ” condition and in LEED, this
condition is well maintained by securing of about 19.77% of ultimate score. Further
[26], eliminates the relation of the LEED rating attained between the comfortable
performance state attained in occupant state with the construction state. Conse-
quently, this emerges as the cause to know more about conditions following IEQ
criteria. Major Green rating systems consider “energy” and “IEQ.” Identically a
comparative study was established among rating tools for refurbishment projects
where a conclusion was attained stating that most strongly considered regions are
“energy” and “IEQ” [27]. Materials are the basis for construction for anything in
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Fig. 4 Comparison of criteria

general. So efficient utilization of materials and also after its usage life, reuse of
destroyed materials is the main aspect focused in green buildings concept. Regarding
materials, transferring them from the market to site is the bigger deal. All these aspects
are pointed for credit allocation in “Material” condition for IGBC [25]. Likewise,
remaining rating tools also focus on materials used. “Site selection” condition is
considered in all rating system but comparatively it’s been seeking greater signifi-
cance of 17.97% of net score than the rest of rating tools. The product after its utility
period is considered as waste. This leads to the condition of “waste.” BREEAM and
LEED gives a higher importance for waste management among the four rating system
compared. Where GRIHA and IGBC give the least importance for waste. “Mainte-
nance and management” is the least considered component in the above compared
rating system criteria. Only BREEAM and GRIHA have considered maintenance in
the criteria of rating system. LEED and IGBC have not even considered maintenance
as criteria. In BREEAM, maintenance is considered as the second most important
component, but as in other rating systems it’s considered the least and mostly not
taken under consideration.

8 Conclusion

Origin of green buildings concept leads to requirement of evaluation tool. Here comes
the GBRS, according to various aspects, many GBRS are available. From that, a small
scaled comparison is been established. Based on topography, globally LEED and
BREAM are chosen and locally available IGBC and GRIHA are considered. Overall
their evaluation is being studied based on the available manuals and journals, from
which a solid criterion is fixed and comparison is produced. This shows energy is
the aspect considered in all evaluation to a greater extent. Criteria which must be
improved are waste management in local GBRS and in global scenario, site selection
requires some importance. Overview of evaluation process in various rating system
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is being evaluated. Theoretical comparison is done for considered green building
rating system. Considered theoretical comparison is done based on the process and
criteria for evaluation. This theoretical study is for better understanding and eval-
uation process. This evaluation consists of collecting data from various sources,
establishing criteria and distribution of score for criteria using which comparison is
being established. Based on this comparison, overall working process is explained.
This shows the importance of evaluation sequence and required developments can
be recommended.
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Integrating BIM with Energy Analysis )
and Green Building Certification System | @i
to Design Sustainable Building

G. S. Mahaaraja and S. M. Renuka

1 Introduction

BIM is used in the AECOQO industry to reduce the time needed to complete projects,
improve communication among designers, contractors, and other parties involved, to
minimize errors, improve the accuracy of the design, optimize the use of resources,
and decrease costs. Furthermore, BIM technology helps to improve sustainability,
health and safety, and quality of construction projects. In conclusion, BIM is a valu-
able tool for the AECOQ industry, as it offers an effective and efficient way to manage,
design, and construct infrastructure. BIM offers a number of advantages that can be
used to improve the quality, reduce costs, and increase sustainability. The building
industry is seeking more attention to the design and construction of environmentally
friendly structures that can achieve excellent performance and cost-effectiveness.
Once the architectural and technical documentation have been produced, energy
analysis is often carried out. This comprises both the operating energy (direct energy
needed to use, maintain, and demolish the building) and the embodied energy (indi-
rect energy needed to produce, transport, and install the building’s materials). Archi-
tects and designers can make a building as efficient and sustainable as possible by
considering energy demands in the early stages of a project. To reduce energy use and
its negative effects on the environment, the main goal nowadays is to design energy-
efficient structures. BIM-based simulations also reduce the amount of time and effort
needed to model architectural geometries, as the three-dimensional model enabled by
BIM eliminates the need for manual input of numerical data or the creation of a two-
dimensional model. Systems for green building rating and certification are crucial for
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developing sustainable structures that are planned and built with consideration for
the environment and resource efficiency. These systems offer evaluation standards
for determining how a building’s siting and design, as well as its construction, opera-
tion, maintenance, refurbishment, and demolition, will affect people’s health and the
environment. They make it possible for architects to set up criteria for green design,
gauge a building’s predicted performance, and assess how well it is accomplishing
sustainability objectives. Rating systems are available for all project kinds, from
single-family homes to entire neighborhoods, for both new and existing buildings.
With these systems, architects can ensure that their projects are designed and built
with the long-term sustainability of both people and the planet in mind. India’s three
major rating systems are, Figs. 1, 2 and 3 show the USGBC rating system for LEED
India, IGBC rating system, and GRIHA rating system.

The purpose of the current study is to find the best material to enhance building
performance, lower building energy use, and increase the annual cost savings of
energy consumption. It will also assist designers in measuring and identifying poten-
tial energy loss or gain for various design alternatives, computing the potential green
building points they might accrue and gain, and selecting the best option in the
Green Building Studio. The study’s goals include developing a 3D BIM model of a
commercial building, classifying LEED, IGBC, and GRIHA requirements that can
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Fig. 1 LEED rating system
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Fig. 2 IGBC rating system
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be quickly and cheaply adopted in construction, measuring a building’s energy effi-
ciency, and assessing the building to obtain green certification. In this study, three
Autodesk products are being used to create a 2D plan of an office building and 3D
models of architectural, structural, and MEP models for energy analysis and green
building rating systems.

Even with imperfect knowledge, Jalaei and Jrade [1] emphasized the value of
the conceptual stage in developing ideas and making judgments. The article offered
a revolutionary model with interconnected modules that were made possible by
automated procedures and plug-ins. This model allowed for timely and affordable
sustainable design at the outset of a building project. The model used the gbXML
and IFC file formats to successfully import BIM data into ECOTECT. To get LEED
points, the study used the Eco-Scorecard database. The Ferny Celina’s study [2]
investigation emphasized a number of elements that affect how much energy is
used in buildings, including wall and roof structure, window glass, building orien-
tation, window shades, window-to-wall ratio, and lighting effectiveness. In order
to improve energy efficiency and thermal comfort, the study especially looked at
residential structures in Chennai and emphasized the need to decrease heat gain via
the building envelope. According to the study, using the right technologies while
creating the building envelope is essential for cutting down on energy use. In partic-
ular, the employment of shading equipment and glass in windows was beneficial in
lowering energy consumption, although the influence of roof construction on energy
benefits was relatively less. The results highlighted the necessity of policy-level
interventions, such as adding comparable codes to building bye-laws and national
building codes, to guarantee that new residential buildings in India fulfill the required
minimum standards for thermal comfort and energy efficiency. Examining factors
that affect the creation of energy-efficient components and energy use was the main
goal of the study carried out by Maglad et al. [3] is to create new approaches for
enhancing energy efficiency in new construction projects and promoting environ-
mentally friendly energy consumption practices. The study emphasized the signif-
icance of best practices for energy utilization in reaching sustainability objectives.
Ur Rehman et al. [4] emphasized to conserve energy and water in accordance with
green construction principles. Energy use intensity was calculated both before and
after implementing insulation using a parametric BIM model created on the Revit
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platform. The integrated BIM strategy sped up and significantly reduced the cost of
the LEED certification procedure. Prakash [5] explored BIM-based energy analysis,
demonstrating its significance in achieving sustainability benchmarks and designing
alternatives for energy harvesting and reducing environmental impact. Guo et al.
[6] presented a BIM-based green building evaluation and optimization approach,
emphasizing its ability to evaluate green building performance and achieve energy
savings through building renovation measures.

From the above studies, the use of BIM reduces energy consumption and cost
in pre-existing academic buildings. Autodesk Revit was used to perform energy
simulations, and LEED and IGBC rating systems were used to identify and implement
green measures. The integrated BIM method helps speed up and save time and
resources during the LEED certification process. Renewable energy can be produced
through the use of this BIM approach, which can reduce the negative impact on the
environment.

2 Methodology

Currently, using BIM for energy analysis and green building certification systems
necessitates a combination of software solutions, which should comprise both an
energy analysis software program and a BIM software program for designing the
project’s 3D model. From Fig. 4, this research looks into using BIM with energy
analysis and green building systems using Green Building Studio, Revit software.
Data is collected by selecting a commercial building and site location and collecting
alternate materials and their green building system points. A 3D energy model is
then developed in Revit and perform energy analysis by simulating the building in
GBS. The Energy Simulation Analysis Report is studied to assess the EUI, annual
use of energy, and annual cost of energy. Based on the results, design alternatives
are developed and green building points are calculated for both baseline and modi-
fied buildings. Prioritizing the green points criteria by conducting survey to the
consultants, architects, and engineers by using Delphi technique [7].

3 Data Collection

3.1 Comparative Analysis Based on Credit Points

For a detailed comparative analysis of the specific points and criteria of these rating
systems, it would be best to refer to the official documentation and guidelines
provided by LEED [8], IGBC [9], and GRIHA [10]. Comparative analysis based
on credit points Gour [11] is shown in Table 1.
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Fig. 4 Structure of methodology

Table 1 Credit point analysis of green criteria

Credit point analysis of LEED, IGBC and GRIHA

Theme LEED IGBC GRIHA
Maximum | Weightage | Maximum | Weightage | Maximum | Weightage
points in points in points in

percentage percentage percentage

Site selection, |25 22.7 19 19 16 15.2

planning and

design

Water 12 10.9 19 19 16 15.2

efficiency

Energy 34 30.9 28 28 26 24.8

efficiency

Building 11 10 13 13 17 16.2

material

Waste 2 1.8 3 3 6 5.7

management

Indoor 16 145 11 11 12 114

environmental

quality

Innovation and | 10 9.1 7 7 12 11.4

other

Total 110 100 100 100 105 100
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From Table 1 analysis, the site selection, planning and design, and energy effi-
ciency occupy more weightage; therefore, the minimum potential points are achieved
by optimizing these factors.

3.2 Model Creation for the Study

The main study consists of the following steps,

Creation of Architectural, Structural and MEP 3D models in Autodesk Revit.
Creating Energy model in Revit.

Exporting .gbxml file format for Energy Analysis.

Importing .gbxml file format in Green Building Studio (GBS) cloud-based anal-
ysis [12] and choosing type of building, Schedule, Project location, cost of
electricity in Rs. per kWh and run the analysis.

e Interpretation of results with green building certification system.

Project Details

Building Type: Office Building

Floor details: G + 5 Floors

Ground Floor Area: 1068 m?

Ist to 5th Floor Area: 898 m?

Model Created: Architecture, Structural and MEP.

3.2.1 3D File Creation

There are a lot of softwares available for creating a 3D model, Revit Architecture
by which makes it more user friendly is used here in this study. Revit Architectural
elements such as walls, doors and windows, curtain walls, furniture and speciality
equipments are shown in Fig. 5.

3.2.2 Revit Structure

Revit Structural elements such as footings, Columns, Beams, and Slabs are shown
in Fig. 6.

3.2.3 Revit MEP

Revit MEP elements such as Air terminals, Ducts, Sprinkler pipes, Cable trays, and
Conduits are shown in Fig. 7.
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Fig. 6 Revit structure

3.2.4 Plan Layout

The ground floor plan layout is shown in Fig. 8.
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3.2.5 MEP Network Plan Layout

The MEP layout is shown in Fig. 9.
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Fig. 9 Plan showing the MEP layout (ducts, conduits, and FFS)

3.3 Energy Model

The energy model created in Autodesk Revit is shown in Fig. 10. It shows that rooms
and spaces to do energy analysis in cloud-based analysis of GBS. In order to perform
energy analysis of the building, the created BIM model must be converted into an
analytical model. We need to define zones in the BIM tool by converting all the
spaces into rooms.

By putting the developed model to the test on a real five-story office building
project, this section assesses its capabilities. The proposed structure is located in

Fig. 10 Energy model
created for analysis
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Fig. 11 Snapshot of exporting model Into.gbxml format

Solinganallur, Chennai, and has a ground floor area of 1068 m? and an area of 898
m? from the first to the fifth floors. The specifications of the parts used to create the
office building’s design were fairly similar to those used in the final design.

It must be transferred to GBS in order to perform the energy analysis for design
alternatives. The gbXML file format is the one used by GBS (Fig. 11).

4 Methodology Adopted to Run Energy Analysis in GBS

The methodology adopted to run energy analysis in GBS is shown in Fig. 12. GBS
is an online simulation platform for assessing the energy efficiency of a building. It
uses the DOE-2 simulation engine to power Autodesk Revit’s whole-building energy
analysis tools. DOE 2 is the back end of GBS. GBS can analyze any gbXML file,
thus making it compatible with any software that can export gbXML files. However,
GBS does not have 3D modeling capabilities. The building type is office building
which schedules of 24/6 facility and the electricity cost is Rs. 11 per kWh.

5 Results and Discussion

The energy costs of an office building with a floor area of 4275 m? can be calculated
using the energy use intensity (1113.1 MJ/m?/year), electric cost (Rs. 11/kWh), and
fuel cost (Rs. 0.007/M1J). The total annual electric energy used is 1,265,461 kWh and
the total annual fuel energy used is 202.576 MJ. From Table 2, the total annual electric
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AUTODESK

REVIT

Fig. 12 Autodesk GBS workflow

cost of Rs. 13,921,071 and a total annual fuel cost of Rs. 1498. Therefore, the total
energy cost of the office building is Rs. 13,921,569. In conclusion, the energy costs
for an office building of this size can be quite significant. It is important to consider
energy efficiency measures to reduce energy costs and help the environment. The
detailed annual electric and fuel end use in percentage is shown in Fig. 13.

The Annual electric end use of HVAC is 67.4%, other is 19.5% and Lights is
13.1% and the annual fuel end use of HVAC is 63.5%, other is 36.5% as shown in
Fig. 14.

The default base run values i.e., building input specification of office building, as
shown in Fig. 15, provided by Autodesk Revit, are indicated in terms of the U-values.

Annual Electric End Use

Annual Fuel End Use
13.1%

18.1%—
36.5%—

14%——

40.3%

M Space Heating 01%
W Heat Rejection 2.7%
Fans 956%
Pumps & A 14.7%
M Space Cooling 40.3%
Exterior Loads 1.4% )
Misc Equip 18.1% B Space Heating 63.5%
M Lights 131% Hot Water 365%

Fig. 13 Annual electric and fuel end use
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g‘(’)‘; 2 Energy analysis Name of building Office building
Floor area (m2) 4275
Energy use intensity (MJ/m?/year) 1113.1
Electric cost (/kWh) Rs. 11
Fuel cost (/MJ) Rs. 0.007
Total annual electric energy (kWh) 1,265,461
Total annual fuel energy (MJ) 202.576
Total annual electric cost Rs. 13,921,071
Total annual fuel cost Rs. 1498
Total energy cost Rs. 13,921,569
Annual Electric End Use Annual Fuel End Use
13.1%
. 36.5%
19.5%
T A% 63.5%
M HVAC 67.4% M HvAC 635%
M Other 19.5% B Other 365%

M Lights 131%

Fig. 14 Annual electric and fuel end use in terms of HVAC

If the efficiency with which a building element transfers heat is lower, it indicates
lower U-value.

6 Summary

The Energy Analysis of an office building created in Revit is successfully done in GBS
by analyzing in design stage. The use of the material in the model is basic material
such as lighting fixtures, furniture, doors, windows, etc. From the base model study,
based on the EUI, U-Value, SHGC Value, the energy usage of the building can be
reduced to evaluate the green building certification criteria. GBS analysis helps the
architects to design the energy-efficient building in easily and reduces time and cost.
Future studies include, questionnaire for priorities the green point’s criteria is created
in google forms to response from the consultants, architects, and engineers. From
the questionnaire, the responses of the consultants and architects for categorizing the
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Base Run Construction

R20 over Roof Deck - Cool Roof

U-Value: 0.26 () 335 m

4 in reinforced-concrete ceiling -

U-Value: NIA (D) 100 %
Extarior Wa R13 Wood Frame Wall n

U-Value: 0.49 (©) 430

RO Metal Frame Wall

U-Value: 3.25 (1) 3983 m*

Interior din Slab Floor .

U-value: 4.18 (7) 4,609 re

Alr Surface 128 i

U-Value: 15.32 Lk

R2 Default Door (227 doors)

U-value: 2.39 (T) 409 '

North Facing Windows: Unglazed opening (6 doors) 5m

U-Valug: 0.00 W/ (m*K), SHGC: 1.00, Vit 1.00

Non-North Facing Windows: Unglazed opening (52 doors) 192

U-Value: 0.00 W/ (m™K), SHGC. 1.00, Vit- 1.00

Ficed Windows  Norh Facing Windows: Pilkington RW23 double glazing (1/4 in = 1/4 in)
(24 windows) 483 m*
U-Value: 2.88 W/ (m*-K), SHGC: 0.76 , vit: 0.81
Non-Noth F. Aindows: Pillkington RW33 double glazing (1/4 in + 1/4
in) {106 windows)
U-Valug: 2.86 W/ (m*K), SHGC. 0.76 , Vit 0.81

758 m*

Fig. 15 Default base run values of office building

criteria are analyzed to evaluate green point’s criteria in building to get certified as
green building. The 3D model for the main study will be created in Revit Architecture,
Revit Structure, and Revit MEP and analyzed in GBS and the design alternatives are
chosen to optimize. Evaluate the building to the criteria chosen to get certified as
green building. Compare the base model and modified model to get the energy cost
saving and to get minimum green points to get certified which is easy to implement
with less cost.
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Cost-Benefit Analysis of Adoption )
of Green Materials in Conventional oo
Building to Improve Green Rating

Srihari Vedartham, J. S. Sudarsan, Vijay Narayan, K. Prasanna,
and S. Mohanakrishna

1 Introduction

1.1 Description

In current years, India’s ascent has been a crucial trend in the global economy. India’s
future prospects are excellent, thanks to growing investment and robust macroeco-
nomic fundamentals. Infrastructure development in India is essential to the present
growth and development to compete the rest of the world in GDP [1]. The Indian
construction industry produces about 11-12 million tonnes of waste annually. Waste
disposal has a vital impact on nature and can cause serious problems during the
demolition stage. Therefore, green buildings are more important and relevant than
conventional buildings [2].

Green building principles optimize the natural resources and improve our quality
of life [3]. Rapid industrialization, infrastructure development, population growth,
increase in carbon emissions and the destruction of natural resources are the reasons
behind the concept of green buildings.

Important Features of a Green Building

Energy Efficiency: Energy-efficient buildings create comfortable living conditions
in your home with the least energy consumption and maximum resource efficiency
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possible as energy-efficient buildings consume less operational energy. It can account
up to 30% of the energy consumption of the entire life cycle [4]. Energy-efficient
buildings keep the building fully functional and thermally comfortable for the occu-
pants. Generating renewable energy on-site from solar, hydro, wind, or biomass can
significantly reduce the impact on nature.

Water Efficiency: Of the absolute water accessible on Earth, only 0.3% is fresh
water in the liquid state. As there is extensive use of water in building maintenance, we
have several methods to converse/reuse water. Having control over water consump-
tion and protecting the quality of water are central goals of sustainable construction.
Where possible, facilities should be made to increase the reliance on water collec-
tion, usage, filtration, and reusing. Conservation of water throughout the life cycle is
achieved by designing a system that reuses water in flushing toilets, washing vehicles,
and gardening needs [5].

Material Efficiency: Choosing materials and resources that can be easily reused or
recycled at the end of their useful life, have low embodied energy, rapidly renewable
materials, locally available, and manufactured in a resource-efficient process. Recy-
cled materials used in the construction phase can also reduce the amount of demolition
waste that goes to landfills. Locally available materials can reduce carbon emissions
and embodied energy as it reduces the transportation distance.

Waste Reduction: Sustainable construction also seeks to reduce waste produced
in the construction and utility phases. At the time of construction itself, the objective
ought to be set to limit the construction wastage, following material waste manage-
ment techniques to reduce the wastage of materials [6]. The demolition waste can
be recycled and reused. Waste can also be reduced by increasing the overall lifespan
of the structure.

Indoor Environmental Quality: It focuses on providing residents with an exciting
and comfortable environment and reduces the risk of medical problems connected
with the building. Indoor environmental quality includes conditions in the building,
e.g. indoor air quality, usage of natural lighting to the fullest, thermal comfort,
ergonomics, etc. Strategies of indoor environmental quality include protection of
occupant’s health, reducing stress and improving quality of life. A better quality
of the indoor environment of the building can potentially improve the lives of the
occupants.

Design Efficiency: The basis of construction is at the design stage. This stage is one
of the most important parts of the building’s life cycle, as it impacts the performance
and cost. The goal of designing a green building is to minimize the overall environ-
mental impact during the construction phase, operation and maintenance phase and
demolition phase of the building [7]. Care should be taken in the selection of site,
building orientation, and landscaping while designing a green building.
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1.2 Importance of Sustainable Infrastructure

1. Many developing countries are aiming to accomplish long-term development in
financial growth in all areas, as well as a more even handed dissemination of
the benefits of development. The need for sustainable infrastructures is growing
quickly in response to the building industry’s negative environmental impact. In
their research publication “Sustainable Infrastructure,” Thomé and Ceryno [§]
discuss the importance of sustainable design and green infrastructure in reducing
adverse environmental effects. The working environment of a business, which
includes air, water, land, and natural resources, is referred to as environmental
sustainability in this study.

2. Unni and Anjali [1] in their research manuscript “Cost-benefit Investigation of
Conventional and Modern Building Materials for Sustainable Development of
Social Housing” discussed about the advantages of using sustainable building
materials and a cost analysis is undertaken. The study demonstrates the need of
reducing energy consumption wherever possible. The research focuses on strate-
gies to make buildings more sustainable while keeping economic criteria by using
green building materials that need less energy to manufacture and emit fewer
greenhouse gases. According to the Global Building Alliance, buildings consume
40% of global energy in 2019, and the authors of this study seek to demonstrate
how green materials may be used efficiently to reduce this consumption.

3. Intheir article “Cost Estimation Methods for Transport Infrastructure: A System-
atic Literature Review” by Barakchia and Torp [4], the authors described the
primary goal of their research, which was to examine various cost prediction tech-
niques used in transportation projects. The study compared 12 cost estimation
approaches to significant cost estimation parameters. Of the 12 ways, the para-
metric method was the most efficient. Given the enormous costs of transporta-
tion infrastructure building and the implications, it is vital that decision-makers
receive reliable cost estimates.

1.3 Estimation in Infrastructure

A plan, specifications, and prices are required for estimation and BOQ preparation.
SSR is used to compute the rates. Material, machinery, and labour will all be factored
into the rates [9]. A complete station is used to conduct the survey. To compute slope
distances from the instrument to a given point, the total station combines an electronic
theodolite (transit) with an electronic distance metre (EDM) [10].
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Fig. 1 Methodology flow
chart Literature Collection

|

Data Collection
40
Cost Index Calculation
{1
Detailed Estimation (CC & BC)

Result & Conclusion

1.4 Objectives

e To study and compare the different components of a sustainable and unsustainable
infrastructure.

¢ To optimize the application of resources and the financial factors of a project by
adopting solar photovoltaic system.

2 Methodology

The obtainable comprehensive road plan is an excellent illustration of connectivity
for an area along the sample building considered for the assessment (Fig. 1).

A thorough investigation and analysis is carried out. Data collection research is
through secondary data source from reports and documents.

3 Results and Discussion

The cost for constructing the building with conventional building materials is Rs.
4,100,530.95 and the cost for constructing the building with sustainable and recycled
materials is Rs. 3,971,384.64 as listed in Table 1. The percentage change in the
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cost of construction after the replacement of sustainable materials reduced the cost
of PCC by 24.46%, RCC up to plinth level by 2.1%, RCC above plinth level by
1.76%, full brickwork by 7.95%, half brickwork by 4.75%, plastering (12 mm) by
9.83%, plastering (15 mm) by 7.25%, and 3.15% of reduction in the total cost of
construction. The detailed quantity estimation was represented in Table 1a and b and
the cost comparison was discussed in Table 2.

As shown in Table 3, quantities and rates of the building with sustainable materials,
to calculate the construction cost of this building, Delhi Analysis of Rates—2021
Volumes 1 and 2 was used and the details of the work and materials are as follows
[10, I1].

Solar panel calculations are based on 75% of the available area of the total roof
area of 75.52 m”. The average electricity cost of the villa was assumed to be 8 Rs./
kWh [12]. According to the Solar Rooftop Calculator’s estimates, a 5.7 kW power
plant is necessary to generate 8550 kWh of electricity annually and 213,750 kWh
over the course of 25 years, assuming 5.5 sunny hours per kWh. The reduced carbon

Table 1 Quantities and rates of the building with conventional materials

S. No. | Description UoM | Quantity |D.S.R code |Rate per unit | Cost
Excavation cum 119.64 |2.6.1 205.45 24,580.04

2 PCC cum 527 |4.1.8 6326.05 33,338.28
RCC up to cum 21.05 4.20.1.3 8387.15 176,549.51
plinth level

4 RCC—plinth cum 60.87 [4.20.2.3 10,009.50 609,278.27
level to V
Backfilling cum 96.71 2.25 253.95 24,559.50

6 Steel (handling) | kg 6204.21 5.22.6and |89.65 556,207.43

5.22A.6

7 Brickwork 8” | m? 67.43 6.29.2 8339.65 562,342.60
Half brickwork | m? 46.23 6.13.2 1018.05 47,064.45

9 Plastering (1:4) | m? 1043.34 13.7.2 361.30 376,958.74
12 mm

10 Plastering (1:4) | m? 754.63 13.8.2 406.10 306,455.24
15 mm

11 Internal putty | m? 946.04 | 13.80 123.85 117,167.05

12 Interior primer | m? 946.04 13.43 64.45 60,972.28

13 Internal m? 946.04 13.83.2 121.55 114,991.16
painting

14 External paint | m? 603.07 13.46.1 166.85 100,622.23
(with primer)

15 Texture paint m? 151.85 13.110.1 191.40 29,064.09

16 Flooring m? 245.69 11.56.1 3908.80 960,353.07
(granite 1:4)

Total cost 4,100,503.95
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Table 2 Quantities and rates of the building with sustainable materials

S. No. Description UoM | Quantity |D.S.Rcode |Rate per unit | Cost

1 Excavation cum 119.64 |2.6.1 205.45 24,580.04

2 PCC cum 527 |4.1.8A 4715.6 24.851.21

3 RCCup to cum 21.05 |4.20A.1.3 8211.3 172,847.87
plinth level

4 RCC—plinth | cum 60.87 |4.20A.2.3 9833.7 598,577.32
level to V
Backfilling cum 96.71 2.25 253.95 24,559.50
Steel kg 6204.21 5.22A.6 89.65 556,207.43

7 Brickwork m?2 6743 16.34.2 7676.3 517,612.91
(1:6)

8 Half brickwork | m? 4623 |6.45.2 969.65 44,826.92
(1:4)

9 Plastering (1:4) | m? 1043.34 13.13 325.8 339,920.17
12 mm

10 Plastering (1:4) | m? 754.63 13.14 376.65 284,231.39
15 mm

11 Internal putty | m? 946.04 13.80 123.85 117,167.05

12 Interior primer m?2 946.04 13.43 64.45 60,972.28

13 Internal m? 946.04 13.83.2 121.55 114,991.16
painting

14 External paint m? 603.07 13.46.1 166.85 100,622.23
(with primer)

15 Texture paint m?2 151.85 13.110.1 191.40 29,064.09

16 Flooring m? 245.69 11.56.1 3908.8 960,353.07
(granite 1:4)

Total cost 3,971,384.64

emissions are 175 tonnes, which is equivalent to planting 280 teak trees for a lifetime.
This system costs Rs. 233,649 without subsidy and Rs. 162,325 with subsidy 40% up
to 3 kW and 20% above 3—10 kW based on the current MNRE benchmark. The cost
of construction of the building with sustainable building materials and solar panels
is Rs. 4,133,709.64 as shown in Table 1. The percentage change in the addition of
the cost of solar panels resulted in an increase of 0.81% in total cost.
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Table 3 Percentage change in the cost of construction

S. No. | Description Using Using Difference in | %
conventional | sustainable cost change
materials materials in cost

1 PCC 33,338.28 24,851.21 — 8487.07 -

25.46

2 RCC up to plinth level 176,549.51 172,847.87 —3701.64 —2.10

3 RCC—plinth level to V 609,278.27 598,577.32 —10,700.95 | —1.76

4 Brickwork (1:6) 10 562,342.60 517,612.91 —44,729.69 | —7.95

5 Half brickwork (1:4) 47,064.45 44,826.92 — 2237.53 —4.75

6 Plastering (1:4) 12 mm 376,958.74 339,920.17 —37,038.57 | —9.83

7 Plastering (1:4) 15 mm 306,455.24 284,231.05 — 22722419 |-17.25

8 Total cost (including 4,100,503.95 |3,971,384.64 | — 129,119.31 | — 3.15

excavation, backfilling, steel,
painting and flooring)

9 Solar panels 0.00 162,325 162,325.00 -

10 Total cost (including solar 4,100,503.95 |4,133,709.64 |33,205.69 0.81

panels)
4 Conclusion
°

The use of recycled resources for construction, such as fly ash bricks, recycled
concrete aggregate, and stone dust decreases the cost of this G + 2 residential
structure by 3.1%. Replacing 25% of coarse aggregate and fine aggregate with
recycled aggregates in concrete and stone dust in cement mortar has no effect on
strength.

We may lower the overall cost, carbon emissions, embodied energy, ecological
footprint, and reliance on natural resources by employing sustainable building
materials, which are either industrial residue or recovered from construction and
demolition debris.

By installing solar panels while considering government subsidiaries and sustain-
able building materials, the cost of construction increases by 0.81%, which may
be deemed minimal, and yearly energy generation is 8550 kWh, resulting in cost
savings. The inclusion of solar panels may initially increase building costs, but
over time, the money invested in solar panels can be offset by energy savings.
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Impacts of Natural Disasters )
on the Performance of Residential oo
Construction Projects of Kashmir, J&K

J. Rajprasad ® and Hilal Ahmad Wani

1 Introduction

The construction industry had a significant impact on the country’s development and
growth [1]. The occurrence of any dangerous event is defined as a natural catastrophe,
causing severe damage to both life and property [2]. Yearly worldwide mortality from
natural disasters have averaged 106,000 per year over the last decade, with estimated
annual losses of US$165 billion [3]. Disaster’s unpredictability and destructive force
diminish social stratification, create physical and psychological suffering in society,
and destroy the ecosystem. Natural disasters such as earthquakes, landslides, floods,
cyclones, forest fires, volcanic eruptions, and severe accidents occur often around
the world. These result in deaths, property damage, and socio-economic devastation.
Natural catastrophes struck roughly 75% of the world’s population at least once
between 1980 and 2000, according to a United Nations Development Programme
(UNDP) study from 2004 [4]. Inevitably, as the global population and infrastructure
expand, so will the world’s vulnerability to natural disasters. This is especially true
because coastal areas (which are more vulnerable to floods, cyclones, and tidal waves)
are experiencing the fastest population growth [5].

Natural disasters have a long history in Kashmir, J&K. Many natural disasters
have struck the state, particularly in the nineteenth and early twentieth [6]. The state
has suffered much in the past and is prone to many natural disasters due to its unique
geography, difficult terrain, harsh weather conditions, and, most critically, a weak
economy, particularly a deficient road and communication network [7]. Natural disas-
ters like earthquake, floods, landslides, snow avalanche, etc., have negative impact
on every sector including the construction industry [8]. Natural disasters have had
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a significant impact on the construction sector in Kashmir, leading to infrastruc-
ture damage, project delays, and increased costs [9]. The region has experienced
devastating floods, earthquakes, landslides, and avalanches, posing numerous chal-
lenges for the construction industry. These challenges include a shortage of skilled
labour and materials, delays in project completion, and hazardous working condi-
tions. To address these issues, this research aims to explore and assess the effects
of natural disasters on residential construction projects, identify related challenges,
and analyze their impact using structural equation modelling (SEM). The findings
of this study will assist project managers in recognizing, preventing, and managing
natural disaster-related risks, as well as optimizing resource allocation in construction
projects.

2 Literature Review

When a significant risk hits a community and renders it unable to function on a
regular basis without outside assistance, inflicting damage, disruption, and fatalities,
it is referred to be a natural disaster [6]. Kashmir, being a seismically active area,
has been the site of many of the worst earthquakes in the past, and the frequency of
such events is on the rise [10]. Large-scale disasters such as hurricanes, earthquakes,
and cyclones all cause construction prices to surge [9]. When it comes to the time
it takes to restore infrastructure to its pre-disaster operating levels, two things stand
in the way of this: unexpected spikes in demand for services after catastrophes, and
already-existing capacity supply limits [11]. Natural catastrophes provide a variety
of obstacles to the construction sector. Reference [12] investigated of the availability
of resources in post-disaster recovery efforts. The scarcity of resources available
for post-disaster house reconstruction has a detrimental effect on the likelihood of a
successful recovery. The inability to procure materials and labour slowed the recovery
process greatly. Resources for recovery may be rapidly and efficiently accessed via
a country’s transportation infrastructure, including roads, airports, ports, and trains
[13]. Research on post-disaster logistics found that the high cost of transporting
resources and the absence of transportation options were significant obstacles to post-
disaster recovery. Following a natural catastrophe, the Nepalese construction sector
is plagued by labour shortages and inadequate site safety measures, according to a
study by [14]. In the aftermath of a natural catastrophe, building projects have several
problems that impact their schedule, cost, and scope [15]. Quality-related issues such
as construction work quality, material quality increases the number of reworks and
their cost. Construction clients usually face shortage of human resources after a
natural disaster. This study aims to fill a research gap by examining the issues faced
by residential construction projects in the Kashmir region due to natural catastro-
phes. By identifying key factors and their interactions through a theoretical structural
model, and analyzing empirical data using a structural equation modelling approach,
the study highlights the significant influence of manpower on project performance.
The findings will assist project managers in recognizing, managing, and allocating
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resources to mitigate risks associated with natural disasters in construction projects in
Kashmir. Previous research has identified these factors emerging from natural catas-
trophes, as given in Table 1, laying the framework for attempts to identify factors
influencing project performance (the study’s first aim) based on a solid literature

base.

Table 1 Project performance factors arising due to natural disasters in the construction industry of

Kashmir, J&K
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Latent factors Code | Observed factors References
Finance F1 Price escalation of resources [7, 13, 16-18]
F2 Repairing costs
F3 Lack of funding
F4 Inflation of rates
F5 Cost of reworks
Delays D1 Logistics [6, 16, 19]
D2 Suspension of construction
D3 Extra time for reworks and debris
D4 removal
D5 Delays in transportation of resources
Conflicts between project parties
Labour L1 Injuries [6, 11, 19-21]
L2 Loss of lives
L3 Shortage of labours and suppliers
L4 Shortage of experts
L5 Increased labour wages
Material and equipment M1 Damage to materials [10, 12, 19, 21]
M2 Shortage of materials
M3 Improper material storage
M4 Hindrances in material supply
M5 Damage/failure of equipments
M6 Loss of equipments
M7 Shortage of equipments and tools
Environmental El Air quality [13, 15, 22]
E2 Soil movements
E3 Adverse Weather and climate
E4 conditions
E5 Health and safety issues
E6 Volume of debris
Damage to structures
Project performance P1 Estimated cost of the project [19, 23]
P2 Duration of the project
P3 Desired quality of the project
P4 Productivity of the project
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2.1 Theoretical Framework

There are five categories of factors arising due to the natural disasters that might
impact construction project performance: financing, delays, manpower (labour),
materials and equipments, and external, which constitute the theoretical basis for
the paper’s study model after a thorough examination of the relevant literature. The
selection of factors in the theoretical framework was based on a thorough review
of literature, industry reports, and expert consultations, considering their consistent
mention and relevance in construction project management in disaster-prone areas.
The final factors, including financial aspects, delays, manpower, material and equip-
ment, and environmental considerations, were chosen for their significant impact on
construction project performance during natural disasters in the Kashmir region.

3 Research Methodology

The first step in this investigation was to identify the factors influencing the
performance of residential construction projects in Kashmir, J&K, as a result of
natural catastrophes. The literature study highlighted finance-related factors, delays-
related factors, manpower-related factors, material and equipment-related factors,
and environmental-related factors. A questionnaire survey was then conducted in
Kashmir, J&K. The questions were designed in such a manner that respondents
could immediately understand and assess the relationship between those factors and
project performance. Respondents were asked to express their thoughts on different
degrees of influence on a five-point Likert scale ranging from “1 = strongly disagree”
to “5 = strongly agree”. Exploratory factor analysis (EFA) and structural equation
model (SEM) have been used to analyze the data.

3.1 Data Demographics

Respondents were chosen from a diverse group of construction industry specialists in
Kashmir, J&K (contractors, clients, and engineers). This study mainly focuses on the
residential construction projects in Kashmir, J&K. As can be seen, the sample was
well-balanced across fields. After an initial phone discussion and email exchange,
the study’s aims were described and clarified in order to elicit the greatest possible
answer from each respondent. A total of 105 questionnaires were distributed in
both hard copy and electronic format. Only 79 replies were found to be genuine,
yielding a response rate of 75%. Because of relevant industrial experiences, personal
interactions, and respondents’ solid comprehension of survey questions, a small
sample size was rated extremely trustworthy for analysis [10]. There was a 44%
response rate among construction contractors, followed by engineers and managers
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(35%). Clients made up little over a third of the overall number. More than 20% of
respondents had more than 10 years of construction experience. Participants for this
study were selected based on their involvement in residential construction projects in
the Kashmir region, focusing on project managers and professionals. Potential biases
include self-reporting bias in questionnaire responses, a bias towards individuals who
have experienced severe natural catastrophes, and limitations in sample size and
geographic coverage. Careful interpretation of the findings and acknowledgement of
these biases is necessary for generalization beyond the specific sample.

3.2 Data Analysis

Using data from questionnaire surveys, exploratory factor analysis (EFA) and struc-
tural equation modelling (SEM) were utilized to evaluate a hypothetical model of
construction project performance characteristics. The software used for EFA was
SPSS and for SEM Smart PLS 3.0 software was used (IBM SPSS, 2019) (Smart PLS
3.0).

3.3 Exploratory Factor Analysis

EFA was used to figure out the structure of the model by looking at the correlations
between variables and squeezing the data. A wider range of squared loadings may
be seen when variables (factors) are rotated. This enables the loadings to be better
understood depending on their significance. Unreliable construct indicators were
ruled out by a large sample size, As a result, variables with loadings less than 0.40
were excluded from components [19]. Shortage of equipments and tools (M7), air
quality (E1), and damage to structures (E6) were ruled out as a result of the low
factor loading.

Table 2 lists the eigenvalues of each component, and Fig. 1 displays a screen
plot that illustrates the distribution of eigenvalues for each component. The plot
reveals that the eigenvalues decline rapidly until the fifth component, after which
they stabilize and remain below the value of one. This suggests that the first five
components explain a significant portion of the variance in the data, while subsequent
components contribute less to the overall variance. According to the findings of the
study, a total of 28 items were included in the initial data collection. The eigenvalue of
acomponent is a reflection of how much variation it accounts for in the system. In this
case, eigenvalues larger than one were maintained, while eigenvalues smaller than one
were removed. Table 3 includes 25 variables that are organized into five categories,
including finance, delays, manpower, material and equipment, and environmental.

Kaiser—-Meyer—Olkin (KMO) test was also calculated to evaluate the sample
validity of each model variable as well as the overall model. The KMO test is
performed (how the variables explain each other). KMO levels close to 1.0 are
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Table 2 Total variance

Initial eigenvalues Rotated sums of squared loadings
Component | Total | % of variance | Cumulative % | Total | % of variance | Cumulative %
1 9.335 |32.189 32.189 4.957 |17.092 17.092
2 5.288 | 18.236 50.425 4.679 |16.133 33.225
3 2.974 |10.256 60.681 4.614 | 15911 49.136
4 2.348 | 8.095 68.776 3.827 [13.197 62.333
5 1.786 | 6.159 74.935 3.654 | 12.602 74.935
25 0.001 | 0.002 100.00 - - -
10
o 8
g 4
=
0
0 5 10 15 20 25 30

Component number
Fig. 1 Screen plot of the identified factors

considered optimal. For the sample size less than 100, KMO value greater than
0.6 is acceptable [6].

3.4 Structural Equation Modelling

SEM is a multivariate analytic tool for the analysis of quantitative correlations
between independent variables, was developed by sociologists and psychologists
[9]. In recent years, the usage of SEM in construction engineering and management
has increased dramatically [12]. There is enough evidence to support using SEM to
investigate and quantify how latent factors (such as finance, labour, materials and
equipment, etc.) impact observable phenomena (i.e. project performance). As aresult,
the goal of this study is to discover the relationship of observed variables (finance,
delays, manpower, material and equipment, and environmental) with the dependent
variable (project performance). The proposed model was modified by removing the
attributes having low values of correlations with their latent factor [17]. The model
was stripped of M7, El, and E6 due to low relationships between variables and
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Table 3 Extracted factors and their loadings from SPSS

Factor Item Factor loading | KMO value
Finance Price escalation of resources 0.814 0.783
Repairing costs 0.773
Lack of funding 0.853
Inflation of rates 0.790
Cost of reworks 0.564
Delays Logistics 0.887 0.767
Cancellation of construction 0.982
Extra time for reworks and debris | 0.695
removal 0.881
Delays in transportation of 0.851

resources
Conflicts between project parties

Labour Injuries 0.803 0.809
Loss of lives 0.879
Shortage of labours and suppliers | 0.866
Shortage of experts 0.643
Increased labour wages 0.802
Material and equipment | Damage to materials 0.755 0.888
Shortage of materials 0.892
Improper material storage 0.865
Hindrances in material supply 0.908
Damage/failure of equipments 0.926
Loss of equipments 0.807
Environmental Soil movements 0.889 0.714
Adverse weather and climate 0.853
conditions 0.815
Health and safety issues 0.703

Volume of debris

their latent factors. As a result of these adjustments, the SEM in Fig. 2 represents
the modified model. Table 3 displays the final SEM’s standardized path coefficients
and square multiple correlation (R2) for variables impacting project performance in
Kashmir, J&K (all of which are positive and statistically significant at p 0.05).

3.5 Reliability and Validity

Cronbach’s alpha is a method for determining the reliability of a questionnaire. The
coefficient of Cronbach’s alpha is used to measure how consistent each component
was. Cronbach’s alpha higher or equal to 0.7 is considered high internal consistency
at the broad category level [19]. The average variance and composite reliability
coefficients are used to assess the measurement’s quality. In order to determine how
much of a fluctuation in a concept is due to measurement error, an AVE calculation
is performed [24]. To be more precise, AVE is an indicator of convergent validity.
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Project E2
performance
0.017
E3
Material &
equipment
E4
0.784  0.793 0.687 0.657
/ / \ \ ES
P1 P2 P3 P4

Fig. 2 Final structural equation model with factors affecting project performance

Convergent validity is confirmed if the value of AVE is more than 0.5. Composite
reliability determines the overall dependability of an item [17]. Composite reliability
levels of 0.6-0.7 are considered satisfactory. Convergent validity of a construct is
also acceptable if AVE and composite reliability values are greater than 0.4 and 0.6,
respectively [13].

4 Results and Discussion

Figure 2 shows the final SEM results, which show that manpower is the most signifi-
cant factor impacting the performance of residential construction projects in Kashmir,
J&K, with a 8 value of 0.673. The impact of manpower is regarded to be the most
significant due to construction site accidents, loss of life in the case of catastrophic
damage, labour shortages, shortages of experts, and rising labour expenses. Labour
shortage was the most challenging factor in the reconstruction process after 2014
floods in Kashmir, J&K [14]. Construction project managers and specialists clearly
play an important role in communicating activities and directions to the workforce.
After a natural disaster, the most challenging issue faced by construction industry
is the shortage of labours. Manpower expertise may be put to use in completing
tasks and increasing productivity. A well-balanced labour force may help to stabilize
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or even reduce wages. Natural disaster awareness and worker safety and evacua-
tion training may help to prevent accidents on the construction site in the event of
a natural catastrophe. Also, workers must wear the safety gears during working at
the site. Good communication between project managers and workers will help to
enhance performance of the project.

With a score of 0.495, finance is the second most significant element influ-
encing project performance. Whenever a natural catastrophe strikes, the construction
industry confronts financial difficulties, which causes project delays. The main finan-
cial problems arising in the construction during a natural disaster are price escalation
of resources, repairing costs, lack of funding, inflation of rates, and cost of reworks.
One of the most crucial issues is resource price inflation after a natural catastrophe.
After 2014 floods, the cost of cement bags rises by 20% [19]. Financial problems
arising due to the natural disasters can be avoided by proper financial management.
Using more effective financial management strategies may help enhance profitability.
As a result, enough funds for project financial management and planning must
be set aside. The material and equipment latent variable were shown to have the
third biggest impact on project performance (0.071). The following elements have
been found to be associated with the material and equipment’s influence: damage to
materials, shortage of materials, improper material storage, hindrances in material
supply, damage/failure of equipments, and loss of equipments. There is a shortage
of materials after a natural disaster is strongly correlated to its latent factor. To avoid
these challenges, materials and equipments should be stored at a safe and secure
place during pre-disaster conditions. By establishing good coordination with the
supplier, material shortages may be prevented. The environmental element has a
statistically significant (0.017) influence on the model, despite the delay compo-
nent having no effect on project performance. Poor weather and soil movement are
strongly connected to the relevant latent factors. Project delays may arise because of
weather-related damage.

5 Conclusion

The study highlights the increasing trend of natural disasters in Kashmir and their
significant impact on the construction industry. It aims to identify the challenges
posed by natural disasters in completing residential construction projects on time. The
study collected 79 genuine responses through a questionnaire survey from construc-
tion experts in Kashmir, J&K, and analyzed the impact of latent variables such as
finance, delays, manpower, materials and equipment, and the environment on project
performance. The results emphasize the importance of construction manpower in
project performance and suggest the need for thorough planning, coordination, and
worker training. Finance is identified as the second most influential factor, while
the environment also has a significant impact. The study recommends avoiding
construction during the rainy season to mitigate delays caused by poor weather
and soil movement. This study has certain limitations, including potential biases
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in self-reported data, a limited sample size, and specific geographic coverage. The
findings may not be fully generalizable to all residential construction projects in
the Kashmir region or other sectors beyond construction. To overcome these limi-
tations, future research can employ larger and more diverse samples, incorporate
mixed methods approaches, conduct comparative analyses, and broaden the scope to
include different sectors and project types. By addressing these areas, future studies
can provide a more comprehensive understanding of the challenges posed by natural
catastrophes, enhance generalizability, and contribute to effective risk management
strategies in disaster-prone regions like Kashmir.
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Quantifying the Trends and Impacts )
of Solid Waste Generation in Chennai Gzt
City: A Study of Current Management
Practices and Future Needs

E. Mugesh and D. Justus Reymond

1 Introduction

The generation of solid waste is a growing problem in many urban areas, including
Chennai, one of the largest cities in India. The increasing population, changing
lifestyles and consumption patterns, and urbanization have led to a significant
increase in the amount of solid waste generated in the city. The effective manage-
ment of solid waste is essential to prevent environmental pollution and public health
issues. This research paper aims to quantify the trends and impacts of solid waste
generation in Chennai City and to study the current management practices and future
needs [1-5].

Solid waste management has become a major challenge for the cities of developing
countries including Chennai, India. The generation of solid waste in Chennai City
has been increasing at a rapid pace due to the growing population, urbanization, and
the changing lifestyle of its residents. The management of solid waste has become
an increasingly important issue for the city, as improper disposal and management
of solid waste can lead to environmental degradation, health hazards, and loss of
valuable resources. In light of these concerns, this research paper aims to quantify
the trends and impacts of solid waste generation in Chennai City and assess the
current management practices and future needs [5—10].
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1.1 Current Trends and Impacts of Solid Waste Generation
in Chennai

Chennai generates approximately 5000 tons of solid waste per day, which is expected
to increase to 15,000 tons by 2030. The city’s current waste management system is
inadequate and inefficient, resulting in the accumulation of waste in landfills and on
the streets. The Greater Chennai Corporation (GCC) is responsible for solid waste
management in the city and has introduced several initiatives to address the issue
[11-13].

The majority of MSW in Chennai comes from homes (60%), with the remainder
coming from businesses (15%), businesses in the food service industry (15%), and
industries (10%) among others. Hospitals and other medical facilities have special
waste disposal systems. After being collected, MSW is sent to one of two landfills,
either Kodungaiyur (KDG) or Perungudi (PGD). KDG accepts garbage from zones 1
through 5 while PGD accepts garbage from zones 6 through 10 of Chennai. Even after
prolonged periods of continuous dumping, the height of MSW deposits in landfills
remains low because of the huge MSW dumping area. As quick degradation may
occur in hot and rainy climates with shallow disposal sites, it was not envisaged that
these areas would be major contributors of greenhouse gas (GHG) emissions [14—
20]. The garbage that has been properly sorted is then either put to its intended use
or disposed of in landfill sites, thanks to the implementation of the 3Rs, which stands
for reduce, recycle, and reuse [21-24]. The solid waste generated in Chennai also has
social impacts, including the health risks associated with the poor management of
waste and the impact on the quality of life of the city’s residents. The waste generated
in the city also contributes to the spread of diseases and pests, affecting the health
and well-being of the city’s residents [25-27].

2 Methodology

To carry out this research, data was collected from various sources including govern-
ment websites, academic journals, and reports from local organizations. The data
collected was analyzed to quantify the trends and impacts of solid waste genera-
tion in Chennai City and to understand the current management practices and future
needs.
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Table 1 Composition of

waste in Chennai Physical composition 9% Waste

Food waste 7.8

Organic waste 33.6

Timber 6.79
Consumable plastics 5.88
Industrial plastics 1.17
Steel and materials 3.55
Textiles and rags 7.01
Paper 6.55
Leather and rubber 1.37
Inert 26.28

3 Findings

The results of this research showed that the amount of solid waste generated in
Chennai City has increased significantly over the past decade, with an average annual
increase of 5%. This increase in waste generation is attributed to population growth,
urbanization, and changes in consumption patterns.

The increasing amount of waste generated in Chennai has several impacts on
the city and its residents. One of the most significant impacts is the environmental
impact, which includes soil and water contamination, air pollution, and the emission
of greenhouse gases. The city’s landfills are also facing the challenge of limited
capacity, leading to the need for additional landfill sites, which is a challenge in
terms of finding suitable locations and obtaining necessary approvals [28, 29]. 14

The composition of waste of Chennai is shown in Table 1; Figs. 1, 2, 3, and 4
discuss about the waste processing across 15 zones, and the quantity has been shown
in graphical representations on using Power BI.

4 Results and Discussions

4.1 Impacts of Solid Waste Generation in Chennai City

The impacts of solid waste generation in Chennai City are significant and include
environmental pollution, public health issues, and reduced quality of life for residents.
Improper waste management practices have resulted in the release of toxic chemicals
into the environment, which can have negative impacts on air and water quality, as
well as soil and food safety. In addition, the generation of solid waste has also led
to an increase in the spread of vector-borne diseases, such as dengue and malaria, as
well as respiratory problems in local residents.
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4.2 Waste-to-Fuel Projects

Waste-to-fuel projects involve converting solid waste into fuel, such as pellets,
briquettes, and oil. These fuels can then be used as a substitute for traditional fuels like
coal and wood. Waste-to-fuel projects have gained traction in India in recent years,
with several private players investing in the development of these technologies.

4.3 Future Needs for Solid Waste Management in Chennai
City

To address the challenges and impacts of solid waste generation in Chennai City, there
is a need for improved solid waste management practices and infrastructure. This
includes the implementation of effective waste segregation and recycling programs,
the development of alternative waste management technologies, and the provision
of adequate resources and funding for waste management authorities. In addition,
there is a need for increased public education and awareness programs to encourage
residents to adopt more sustainable waste management practices.

4.4 Future Needs of Solid Waste Management in Chennai

Additionally, Chennai could also implement the principles of circular economy in its
solid waste management practices. Circular economy is an approach that prioritizes
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the preservation and use of resources to maximize their value and minimize waste.
It aims to keep products, materials, and resources in use for as long as possible and
reduce waste generation. This can be achieved through various strategies such as
waste reduction, recycling, and reusing materials. Implementing circular economy
principles in Chennai’s solid waste management could help reduce the volume of
waste generated and reduce the burden on landfills.

Carbon capture technology (CCT) is an innovative solution to reducing green-
house gas emissions, particularly carbon dioxide (CO;), in the atmosphere. This
technology captures and stores CO, emissions from various industrial processes,
such as power generation and cement production, preventing them from entering
the atmosphere and contributing to climate change. The implementation of CCT has
been gaining traction in recent years, and it is expected to play a significant role in
mitigating the impacts of climate change.

CCT involves three main steps: capture, transport, and storage. The capture step
involves separating CO, from the flue gas generated by industrial processes, such as
power plants or steel mills.

5 Conclusion

In conclusion, the latest trends in waste-to-energy concepts in India demonstrate a
shift toward sustainable and innovative solutions that are economically viable and
environmentally friendly. The adoption of these trends will be essential for India
to manage its growing waste problem and meet its energy needs in a sustainable
and responsible manner. Here are some of the most promising and cost-effective
technologies for solid waste management. The best affordable waste-to-energy tech-
nologies for solid waste will depend on various factors such as the type and quantity of
waste, local policies and regulations, energy demands, and available funding. While
there is no one-size-fits-all solution, a combination of technologies such as inciner-
ation, gasification, anaerobic digestion, and pyrolysis can provide a comprehensive
approach to solid waste management and energy generation.
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A Path Towards Sustainable Transport )
Research and Policy: A Case Study L
from Metropolitan City in India

Ali Shkera and Vaishali Patankar

1 Introduction

The urban transportation situation in Indian metropolises is characterized by a severe
crisis [1]. The transportation system, which comprises both motorized and non-
motorized modes, suffers from overcrowding, unreliability, inefficiency, and unsafety
[2]. Moreover, transport-related pollution and noise, along with other environmental
impacts, have adversely affected the health of the urban population [3]. The challenge
is further exacerbated by the high cost of new infrastructure, the scarcity of land for
additional transportation infrastructure development, and public resistance to the
potential negative consequences of new infrastructure projects in India [4].

Rapid sprawling development has led to an increase in the number and length of
trips for many Indians, leading to a greater dependence on motorized transportation.
Longer trip distances make walking less practical, while growing motor vehicle traffic
makes walking less safe. However, a significant portion of travel in Indian cities still
takes place on foot, primarily due to poverty, as many people cannot afford motorized
transportation [5]. This complex transportation issue has contributed to unsustainable
development. Given the limited resources and funding, it is crucial for policymakers
to fully understand the complexities of the problem and find a sustainable solution
[6].

Our research addresses the lack of a modelling framework to assess the benefits
of pedestrian-oriented land use and transportation facilities in Greater Mumbai. By
developing a framework to model pedestrian travel behaviour, we aim to identify
factors influencing pedestrian behaviour and determine effective measures to promote
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walking. This framework will also evaluate the impact of future pedestrian-oriented
infrastructure on travel patterns, providing valuable insights for sustainable transport
research and policymaking. Additionally, we examine factors influencing the choice
to walk, intending to develop strategies to enhance walking, personal health, and the
environment, thereby mitigating the harmful impacts of car reliance.

2 Previous Research

The study of pedestrian travel behaviour has gained widespread attention in recent
years, with many researchers exploring various aspects of it. Some studies delve into
modelling pedestrian travel demand, using methods like linear regression models and
the four-step approach. Others examine how the built environment, travel attitudes,
and neighbourhood preferences affect walking behaviour. Challenges arise when
considering the built environment and attitudinal factors, as they may be interrelated,
leading to biased results. A few studies have focused on determining the defining
characteristics and requirements of a walkable neighbourhood.

Walkable neighbourhoods encompass diverse mobility options and social connec-
tions, promoting physical, mental, and spiritual well-being. Different terms like
traditional neighbourhood design, transit-oriented development, and new urbanism
are used to endorse the concept of walkable neighbourhoods [7]. Factors affecting
walking behaviour can be categorized into three main categories: individual and
household demographics, personal attitudes and perceptions, and characteristics of
the neighbourhood, including walking facilities and amenities. In Mumbai, indi-
viduals in the lowest income bracket had the highest proportion of walking trips,
while factors such as age, employment status, education, and proximity to work also
influenced walking frequency [8].

The relationship between walking-friendly environments and walking behaviour
is complex. “Self-selection” plays a role, suggesting that people who enjoy walking
are attracted to places designed for walking. However, improving the walking envi-
ronment may not necessarily increase walking if residents who already walk prefer
such environments. Enhancing infrastructure can enable more people who prefer
walking to live in supportive neighbourhoods, potentially increasing active travel
[9].

People tend to walk, bike, and make more trips for leisure or errands in cities
that have diverse land use, high-density urban areas, and grid-like streets. Street
trees make cities more livable by providing various benefits for the environment,
society, and economy. Street trees are appreciated by residents for their beauty and
usefulness, but their economic worth is often not fully recognized. To improve the
health of street trees and prevent damage to pavements, some strategies such as using
root barriers, structural soils, and previous pavements are being tested [10].
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3 Methodology and Data Source

Based on a literature review of pedestrian travel behaviour and its factors, the study
used a deductive approach and set research objectives and hypotheses. A structured
survey questionnaire with closed-ended and open-ended questions was created to
gather data on the respondents’ and their households’ activity-travel patterns, as well
as their socio-demographic and built environment features. The questionnaire was
pre-tested for clarity and validity. The main data for this analysis came from the 2010
Greater Mumbai Region Activity Travel Survey, which SSV Subbarao designed and
executed for 15 days in the Greater Mumbai region. [11].

For 15 days, we collected detailed data on the activities and travels of about 126
households and all their members. We used a nine-category system to classify the
activities by type and recorded their location type, start and end times, and geographic
coordinates. We also noted the transportation mode and the trip duration for the
travels. We calculated the dependent variable (walking frequency) from the daily
number of walking trips reported by the respondents. We cleaned and processed the
data with suitable software tools.

We used a sample of 261 pedestrians for this research. We classified 183 (70.1%)
of them as “commuter pedestrians”, who mainly walked to commute. They may also
walk for other reasons, such as errands, exercise, socializing, or recreation. The other
78 pedestrians (29.9%) were “non-commuter pedestrians”, who only walked for non-
commuting reasons. We estimated an ordered response model with a maximum like-
lihood method to examine the factors influencing walking frequency for commuting
and non-commuting purposes separately.

This study conducts two types of analyses: an exploratory descriptive analysis
of pedestrians and their walking patterns, and an econometric analysis of walking
frequency. The econometric analysis includes two models, one for commuters and
non-commuter pedestrians. The dependent variable in these models is based on an
ordered categorization, with commuter pedestrians being categorized as walking
once, twice, thrice, four times, five times, or six times a day, and non-commuter
pedestrians being categorized as walking once, twice, or thrice a day. The analysis
period covers 15 days.

3.1 Exploratory Analysis

From the data collected [11], we found that the average trip length for commuting
and non-commuting walk trips is 21.06 min. Among commuter respondents, 60.7%
are males and 39.3% are females. It indicates that males walk more than females for
commuting purposes. By age, 24.6% of those 5 to 15, 20.8% of those 16 to 24, 16.4%
of those 25-34, 18.6% of those 35-44, and 19.6% of those 45—-64 walk to work. The
implication is clear; commuters in each age category are almost equally likely to walk
to work. By occupation, 61.7% of the commuter respondents are workers, 1.6% are



348 A. Shkera and V. Patankar

non-workers, and 67% are students. 25.7% of the commuter respondents are in the
low-income category, 52.5% are in the middle-income, and 21.8% are in the high-
income category. 77.6% of the respondents own zero cars, 20.2% own 1 car, and
2.2% own 2 or more cars.

Among non-commuter respondents, 64.1% are females and 35.9% are males. It
indicates that females walk more than males for non-commuting purposes. By age,
5.1% of those 5-15, 6.4% of those 1624, 17.9% of those 25-34, 28.2% of those 35—
44, 35.9% of that 45-64 and 6.4% of those 65 or older walk to work. Respondents
in the middle age category are likely to walk more than children and old people
for non-commuting purposes. By occupation, 21.8% of the commuter respondents
are workers, 69.2% are non-workers, and 9% are students. 33.3% of the commuter
respondents are in the low-income category, 44.9% are in the middle-income, and
21.8% are in the high-income category. 66.7% of the respondents own zero cars,
29.5% own 1 car, and 3.8% own 2 or more cars. Households having no cars tend to
walk more for commuting and non-commuting.

3.2 Modal Structure

The mathematical model structures used in the framework are the ordered response
mechanism discrete choice models. The ordered probability models are based on a
latent regression [12-14]:

yi=pBx +e. (D

According to Greene’s notation, the unobserved variable y; is modelled using a
vector of parameters 8 and a random disturbance ¢;. The term S'x; is commonly
referred to as the index function. The discrete and ordered observations y;, with
values ranging from 0, 1, 2, ..., J (where J is one less than the number of categories
in responses), are generated by the following mechanism.

yi = 0if y/" < o, 2
yi = Lif wo < y/ < i, 3)
yi =2if uy <y < pa, “4)

Yi=... &)

yi=Jify > uyg. (6)



A Path Towards Sustainable Transport Research and Policy: A Case ... 349

The threshold parameters w are estimated alongside the vector of parameters S,
forming a set of estimated parameters. The ordered probit model is the most widely
used model within this category. It is based on the assumption that the disturbance
term €; is normally distributed. The model parameters are estimated through the use
of maximum likelihood estimation, with the constraint that the threshold parameters
u must be ordered in a monotonically increasing manner (o < (| < Uy < ... <
LJy_1,,and that the error term must have a mean of O (£ [€;] = 0) and a variance of 1
(Var [€; = 1). For identification, it is also required to impose an additional restriction
that o = 0.

With the above assumptions, the probabilities observing particular values of y;
are given by:

P(y; =0) = P(y < o) = ¢(—B'xi) (7)
P(yi=1)=P(po < y; <) =01 — Bx) —o(—B'x:) 8)
P(yi=2)=P(ur <y’ <) =92 — B'xi) — (1 — B'x;) 9

P(yi=J)=P(us—1 <) =1—o(ns-1 — B'xi). (10)

where ¢ is the standard cumulative normal distribution.

3.3 Empirical Analysis

We conducted an empirical analysis of the pedestrians’ walking frequency. We
experimented with different variable specifications (as described in the section on
the exploratory analysis) and forms of variables. We chose the final variables for
each model by eliminating those that were statistically insignificant, simplifying the
variable effects, and taking into account intuition and prior studies.

Tables 1 and 2 show the empirical results of the walking frequency for commuting
and non-commuting. The parameters show how the independent variables affect
the walking propensity y/ of each individual (i). People who walk more have
longer commute distances. Students and workers walk more for commuting than
non-workers. Higher household income reduces walking for commuting. Workers
walk less and students walk more for non-commuting. Higher household income
also reduces walking for non-commuting. The constant and threshold parameters at
the end of Tables 1 and 2 do not mean anything behaviourally; they just link the
observed frequency categories to the underlying propensity to walk for commuting
and non-commuting.
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Table 1 Ordered response model of frequency of walking for commuting

Explanatory variables Example Font size and style
Commute distance 0.021 3.14
Worker 0.437 0.71
Student 0.755 1.23
Household income —0.118 —2.61
Constant and threshold parameters

Constant 0.755 1.16
Threshold 1 0.883 10.19
Threshold 2 1.226 13.76
Threshold 3 2.143 19.70
Threshold 4 2.771 19.23
Number of cases 183

Log-likelihood at the convergence —295.05

Log-likelihood for constants-only model —307.43

McFadden pseudo R-squared 0.0402648

Table 2 Results of the ordered response model for frequency of non-commuting walking

Explanatory variables Parameter t-Statistic
Worker —0.459 —1.18
Student 0.042 0.08
Household income —0.023 —0.30
Constant and threshold parameters

Constant —0.3240 —0.94
Threshold 1 0.851 4.56
Number of cases 78

Log-likelihood at convergence —6174

Log-likelihood for constants-only model —6263

McFadden pseudo R-squared 0.0141138

3.4 Model Fit

Table 1 displays a low pseudo R-squared value of (0.0402648) and Table 2 displays an
even lower value of. (0.0141138), suggesting a mediocre fit for the model. Further-
more, Table 2 reveals that the log-likelihood of the model at the point of conver-
gence is —61, while the log-likelihood of the model predicting walking frequency

for commuting is —62.

A likelihood ratio test shows that these two models are very different. The test
statistic is 2, which is much smaller than the chi-squared value with 3° of freedom,
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for any significance level. This means that the independent variables in the model
do not help much to predict the walking frequency for non-commuting. However,
other factors like attitudes and perceptions, the built environment, and neighbourhood
characteristics are very important for walking frequency. Adding these variables to
the model can make it fit better and predict their effect on walking frequency more
accurately.

4 Summary of the Results and Conclusion

This study explores the various factors that influence walking behaviour for
commuting and non-commuting purposes, such as demographics, attitudes, pref-
erences, perceptions, environmental factors, and neighbourhood characteristics. It
collects data on the built environment and individual attitudes and perceptions to
improve the model fit and predict the effect on walking frequency. It finds that
walking is more common for commuting than for non-commuting purposes and that
women, workers, students, and low-income households walk more frequently than
others. It also finds that car owners walk less for both purposes. The study concludes
that promoting walking can reduce traffic congestion, air pollution, and health issues
related to sedentary lifestyles. It suggests considering factors such as gender, income
level, and car ownership, creating walkable environments, addressing individual atti-
tudes and perceptions, and tailoring initiatives based on different purposes of walking
for effective policy implementation.
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Scientometric Analysis of Building )
Energy Analysis in the Construction oo
During 2005-2022

G. Nakkeeran and L. Krishnaraj

1 Introduction

Energy use in buildings is expected to rise as a result of population growth, increased
housing stock, and improved living standards. It is estimated that global energy
consumption grew by 2.3% in 2018, the fastest rate of growth for ten years [1].
The efficient use of energy within a built environment, through the application of
innovative designs that use less energy and are environmentally friendly, can address
this demand for energy. This energy demand, building information modelling (BIM)
industries is because of this growing demand [2].

Building information modelling was first used in an article in the automation and
construction journal in 1992, titled “Modelling multiple views on buildings” [3].
An entirely new approach to building information modelling was presented in this
article. Since then, there has been a significant increase in BIM methodology research
and discoveries of new applications are being made. Research into BIM began in
the early stages, the majority of BIM’s novelty was covered in articles published in
architecture magazines and scientific methods and how difficult adopting would be
the best option [4].

BIM/BEM data transfer methods, such as design builder and virtual environ-
ment, have undergone some advancements in recent years, which are the only BIM
tools that have developed their own plug-ins to facilitate the transfer of Revit data.
Consequently, the paper’s goal is to evaluate the most prominent interoperability
issues, data transfer quality between BIM models, as recommended, (a) location and
geometry; (b) construction and space; (c) thermal zones; (d) occupancy, equipment,
and lighting loads; and (e) HVAC systems. Additional to this is the validation of
the results, which ensures the accuracy of the entire procedure [5]. Revit as BIM
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was used to exchange information with design builder and virtual environment for a
typical residential building in this regard.

The purpose of this review is to provide the reader with a thorough understanding
of the most recent research in the BIM field [6, 7]. “An analysis of bibliometric
data categorizes the papers into specific categories, discusses the selections from
a collection, identifies keywords, determines the sources where most articles are
published, lists the top 10 cited articles, and highlights the countries with the highest
contributions.”

1.1 Bibliometric Software Tools

Many bibliometric analysis software tools are available, but many of these help
researchers follow the recommended workflow. The important softwares are CitNe-
tExplorer [8], VOSviewer [9], SciMAT, BibExce, Science of Science (Sci2) Tool
CiteSpace, and VantagePoint R-packages in bibliometric analysis [10].

2 Material and Methods

This research aims to provide an overview of all studies on building energy analysis
using BIM, specifically focusing on language and technology networks. To complete
the examination of this article, the researcher observed the articles on “building
energy analysis using BIM” distributed in the World Logical Diary through 2022
and considered their relevance. For the corresponding exploration, he described the
relevant data set: Scopus. An examination of the substance of the entirety of the
distributions (articles, book sections, and procedures papers) surfaced because of
the hunt utilizing the questions “building energy analysis using BIM” [7]. In this
bibliometric assessment, we examined segments: articles, writers, and references.
Figure 1 shows a graphical representation of the methodology of the study.

3 Data Collection

The data collecting process is broken down into three steps. The first step is data
extraction. These databases, which hold metadata about academic papers, may
provide bibliographic information such as Scopus (http://www.scopus.com) [11, 12].
In the second sub-stage, researchers must import and transform data into a format that
is compatible with the bibliometric tools they are using. Finally, data cleansing is a
step in the process. The quality of the data is directly related to the quality of the ulti-
mate output. Many preprocessing techniques may be used, e.g. to identify duplicate
and misspelt items. Although most bibliometric data is trustworthy, cited references
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Fig. 1 Analytical procedure of the article
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Table 1 Basic data

Description Results
Duration of study 2005:2022
Sources of study 388
Documents of study 921

may include several variations and alternative as an author’s name in various forms.
Since most writers are known by their surname and initials, a problem might occur
when their names are too similar. Cited journals may also be found in a variety of
ways. Basic data is shown in Table 1. Figure 2 shows an article published per year
from 2005 to 2022. After 2014 building energy analysis research started increasing
using BIM. Figure 3 shows an article published in source in a book chapter, research

article, conference paper, etc.
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Fig. 3 Source of publication

4 Results and Discussion

4.1 Analysis of Article Keywords

In using a bibliometric analysis, most used keywords with occurring is a
30 frequency overall period [13]. It shows research it developing based on
keywords, words architectural design-637, building information model-308, energy
efficiency-284, energy utilization-222, information theory-192, buildings-168,
sustainable development-156, life cycle-149, building information modelling-140,
structural design-115, energy conservation-107, construction industry-93, energy
management-86, construction-83, decision making-79, intelligent buildings-78,
office buildings-69, environmental impact-61, information management-55, and
interoperability-51. In this architectural design, BIM, energy efficiency is the most
important keyword for building energy analysis. Figure 4 shows the top 10 relevant
keywords.

4.2 Analysis of Article Source

Bibliometric analysis shows that the most frequently cited source is a journal article
with an overall article [14]. It demonstrates that research is 