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1. Conference Overview

The Conference on Sustainability in Civil Engineering (CSCE), 2023, was organized by
the Department of Civil Engineering of the Capital University of Science and Technology
(CUST), Islamabad, Pakistan. The conference is held annually with the main focus on
highlighting the sustainability-related aspects of research in civil engineering. It aims to
provide a platform for civil engineers, from academia as well as industry, to share their
practical experiences and different research findings in their relevant specializations. The
major topics include green construction materials and structures, construction management
for sustainable development, and resilient infrastructure and environment. This conference
provides a remarkable opportunity for the academic and industrial communities to address
new challenges, share solutions, and discuss future research directions in the field of civil
engineering. Participants have the opportunity to attend the keynote lectures related to var-
ious recent trends in research networks in civil engineering. The conference accommodates
several parallel sessions related to different specialties (Figure 1), where the researchers
and engineers interact and enhance their understanding of sustainability in the context of
civil engineering.

 

Figure 1. Different online sessions in the fifth edition of CSCE.
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The fifth conference on sustainability in civil engineering was held on 3 August 2023.
This year, we had nine wonderful and celebrated keynote speakers for this edition of the
CSCE. We received 133 manuscripts from different countries around the world including
UK, Ireland, Canada, Australia, Italy, Cyprus, China, Kazakhstan, Nigeria, Malaysia, KSA,
and Pakistan. All papers underwent a comprehensive and critical double-blind review
process. The review committee comprised 57 PhDs serving in industry and academia from
the UK, Ireland, the USA, Australia, New Zealand, Singapore, Hong Kong, Poland, Italy,
Chile, Malaysia, China, Oman, Bahrain, the KSA, and Pakistan. After the screening and
review process, 56 papers were chosen for presentation at the conference.

We are grateful to all the reviewers and keynote speakers who have dedicated their
precious time to share their expertise and experience. With this opportunity, we would also
like to express our gratitude to everyone, especially all the faculty and staff at the Capital
University of Science and Technology, for their great support and participation. In this
regard, the participation and cooperation of all authors, presenters, and participants are
also acknowledged, without whom this conference would not have been possible. Last
but not least, we would like to express our appreciation to our advising and organizing
committees, whose hard work and dedication have also made this day possible.

Majid Ali, Muhammad Ashraf Javid, Shaheed Ullah, and Iqbal Ahmad
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and has worked at both national and international universities. His research areas mainly
include passenger travel behavior, transportation demand management policies, the in-
teraction between public transport services and customers, shared mobility and economy,
and traffic safety. He has published a total of 55 journal publications and 21 conference
proceedings, and his cumulative publication ISI impact factor is more than 70.

• Iqbal Ahmad

Engr. Iqbal works as a lecturer at the Capital University of Science and Technology,
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themes include finite element modeling, engineering materials, and numerical analysis.
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Abstract: Cost overrun has long been a significant concern in the construction sector, posing obstacles
to project profitability and financial viability. It occurs when actual costs exceed the initial budget
estimates, leading to financial hardship, delays, and stakeholder disagreements. This paper investi-
gates the impact of project management techniques on construction project cost overruns. The study
aims to identify various techniques used at different stages of construction projects and analyze their
effects on cost performance. Additionally, it explores the reasons behind cost overruns and proposes
solutions to prevent them in the future. This research highlights efficient methods with which to
manage and prevent cost overruns, providing valuable insights for project managers to use when
improving cost performance and enhancing project success. It contributes to the knowledge on project
management in the construction sector and aids stakeholders in navigating cost overrun challenges.
Future research should explore context-sensitive issues related to cost overruns and consider robust,
adaptive, and agile cost management strategies based on project management skillsets.

Keywords: cost overrun; project management practices; construction projects; remedial measures

1. Introduction

Project management practices are crucial for achieving successful construction projects,
minimizing cost overruns, and ensuring positive outcomes. Key practices like efficient
resource allocation, quality control, change management, and progress monitoring and
control contribute to cost control and mitigate overruns [1]. Effective techniques such
as scheduling, budget control, risk management, communication, collaboration, quality
assurance, stakeholder engagement, and impact analysis enhance project efficiency and
stakeholder satisfaction [2]. These practices are well documented in the literature, high-
lighting their positive impacts on project outcomes.

Cost overruns are a significant concern in the construction sector, hindering project
profitability and financial viability. They happen when actual costs exceed the initial budget
estimate, leading to financial hardship, delays, and stakeholder disagreements [3]. Studies
have explored the relationship between project management practices and cost overruns,
identifying accurate cost estimation, efficient scheduling, and resource allocation as crucial
factors in prevention [4]. Moreover, project monitoring and control systems play vital roles
in real-time tracking, the early identification of cost deviations, and the use of prompt
corrective actions to prevent further escalation.

While existing studies have provided valuable insights, further research is essential to
explore the specific effects of project management techniques on cost overruns in building
projects. The connection between project management techniques and cost overrun in
the construction sector contributes to the existing knowledge [5]. Effective project man-
agement techniques can significantly reduce the risk of cost overruns in building projects.

Eng. Proc. 2023, 44, 1. https://doi.org/10.3390/engproc2023044001 https://www.mdpi.com/journal/engproc
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Key practices include accurate cost estimation, well-defined budgets, scope management,
thorough project plans, proactive risk identification and mitigation, transparent stake-
holder communication, and ongoing cost monitoring and control [3]. Consistent expense
tracking, variance analyses, budget comparisons, and preventative actions are also crucial
aspects to consider.

Overall, this research aims to provide valuable information to project managers,
construction professionals, and other stakeholders. This was achieved through a thorough
review of articles from reputable journals published in the last decade.

2. Project Management Practices in Different Stages of Construction Projects

Key project management practices are crucial for successful construction projects, min-
imizing cost overruns and ensuring positive outcomes. Comprehensive project planning
involves detailed planning of scope, resources, timelines, and risks [1]. The use of project
management practices at different project stages significantly impacts the achievement of a
project’s overall objectives by minimizing delays and improving efficiency, as shown in
Figure 1. Adequate project management enables better budget control through accurate
cost estimation, expense tracking, and cost management strategies [6]. Implementing
quality control techniques like inspections, audits, and industry best practices leads to
enhanced project deliverables and customer satisfaction [7]. The literature extensively
documents the positive effects of these project management practices on construction
projects, with benefits to outcomes, cost control, risk management, quality assurance, and
stakeholder satisfaction.
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Figure 1. Project management practices.

3. Cost Overrun in Construction Projects

Cost overrun in construction projects arises from factors beyond the budget, necessitat-
ing effective project management and cost control to identify common causes [1]. Effective
project management involves addressing these causes through proper estimation, scope
management, and robust contract management to enhance performance. Table 1 presents
studies related to remedial measures for cost overrun, emphasizing the significance of
accurate cost estimation and budgeting as the foundations of effective project cost manage-
ment [8]. Timely corrective actions are facilitated by effective cost control and monitoring,
practices that identify cost deviations early [9]. Collaboration and communication promote
cost-conscious decision making and shared understanding during construction projects [6].
Proactive risk management via risk assessments, response plans, and regular monitoring
reduces cost overruns [8]. Tracking expenses, conducting variance analysis, and performing
periodic audits are vital methods of effectively controlling and monitoring cost. Implement-
ing remedial measures in construction projects, minimizing cost overruns, and improving
performance necessitate a proactive approach, stakeholder commitment, and effective
management practices.

10



Eng. Proc. 2023, 44, 1

Table 1. Remedial measures of cost overrun in construction projects.

Sr. no. Remedial Measures of Cost Overrun Impact Ref.

1 Accurate Cost Estimation and Budgeting Provides a solid foundation for managing project costs. [1]
2 Effective Cost Control and Monitoring Identify cost deviations and timely corrective actions. [10]
3 Collaboration and Communication Promotes cost-conscious decision making [3]
4 Robust Project Planning and Scheduling Enables cost forecasting for timely decision making. [4]
5 Comprehensive Change Management Change management reduces abrupt cost increases [5]

4. Relationship between Project Management Practices and Cost Overrun

Effective project management practices significantly impact construction project cost
overruns, minimizing risk and improving performance. A well-developed project plan
with accurate cost estimation, realistic scheduling and sensible resource allocation helps
prevent overruns. Table 2 shows the effects of project management practices on cost over-
run in construction projects. Robust project planning and control enable timely corrective
actions to avoid cost overruns [4]. Risk management minimizes the impact of risks on
project costs and reduces the likelihood of overruns [11]. Stakeholder collaboration fosters
cost-conscious decision making and reduces conflicts throughout the project lifecycle [7].
Procurement and contract management prevent cost overruns resulting from inflated prices,
contractual disputes, or inadequate cost control by contractors [12]. Quality management
minimizes cost-related issues arising from poor quality, leading to improved cost perfor-
mance [6]. Implementing effective project management practices significantly re-duces the
likelihood of cost overrun in construction projects [4]. The following section highlights
key practices that can help prevent cost overruns. According to Figure 2, effective project
management should inculcate integrated planning and scheduling with comprehensive
scope management, effective cost estimation with monitoring and control, and effective
communication with timely risk identification and mitigation.

Table 2. Effects of project management practices on cost overrun in construction projects.

Sr. no. Project Management Practices Effects/Results Ref.

1 Project Planning and Control Enable timely corrective actions to avoid cost overruns [4]
2 Risk Management Minimize impact of risks on project costs avoiding cost overruns [11]
3 Stakeholder Collaboration Reduce conflicts, and foster cost-conscious decision making [7]
4 Contract Management Prevent cost overruns from inflation and contractual disputes [12]
5 Quality Management Improving cost performance by avoiding poor quality work [6]

 
Figure 2. Effective project management practices to avoid cost overrun in construction projects.
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5. Conclusions

Cost overrun is a significant challenge in the construction industry, impacting project
success and financial viability. Based on this review, it was evident that project manage-
ment deployment and optimization acts as key factors in enabling cost management and
the delivery of positive outcomes. The following conclusions can be drawn from the
conducted study:

1. Effective cost control in construction requires crucial project management practices
like accurate cost estimation, risk management, and resource allocation.

2. Real-time project monitoring and control systems play vital roles in enhancing cost
control mechanisms, ensuring timely identification, and resolving cost overruns.

3. Integrating cost control mechanisms throughout the project lifecycle is essential for
project success and financial viability in the face of cost overrun challenges.

Overall, this research provides valuable insights for project managers and stake-
holders into the challenges of cost overrun and can be used to promote efficient project
management practices.

6. Novelty and Future Research Direction

The research identified critical factors contributing to cost overrun in construction
projects, with an influence of project management practices in managing costing issues.
Further research is needed to collect context-sensitive data from construction sites in order
to explore these variables in the local context and correlate them with their respective
implications. The research added new dimensions to applicable project management
aspects, although these may vary based on the site, nature, typology, scale, and size of
construction projects.
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Abstract: Effective project management practices are crucial in the construction sector, providing
a structured approach to planning, executing, and controlling projects. They set clear objectives,
define scopes, allocate resources efficiently, and manage risks effectively. However, challenges can
arise throughout all project phases. This study focuses on literature from reputable journals over
the last decade, and, considering the post-COVID scenario for inadequate scope definition, poor
communication, resource mismanagement, and regulatory barriers were identified as major barriers
to project success. To achieve sustainable construction projects, specific targets like energy efficiency,
waste reduction, water conservation, and social responsibility must be set. Integrating project manage-
ment with sustainability involves incorporating green building design, sustainable materials, waste
management, water conservation, biodiversity promotion, smart technologies, and performance mea-
surement systems. By adopting sustainable approaches and effective project management practices,
construction projects can achieve successful outcomes while ensuring environmental responsibility,
social equity, and economic viability. Future research should explore identified barriers, their local
implications, and project management practices for successful project outcomes.

Keywords: construction projects; project management; sustainability targets; project phases

1. Introduction

Effective communication is crucial for project success, managing triple constraints,
and sustainable practices. This involves environmental responsibility, social equity, and
economic viability [1]. Project management methods control construction costs through
precise estimation and cost control. Engaging stakeholders with effective communication
ensure project success and quality assurance [2]. Proactive planning, stakeholder engage-
ment, risk management, and continuous monitoring mitigate cost overruns, improving
project progress for timely completion with minimized costs.

Energy efficiency, Leadership in Energy and Environmental Design (LEED) certifica-
tions [3], greenhouse gas (GHG) emissions reduction targets [4], and waste management
are vital for sustainability [1]. Water conservation aims for efficient water management [1].
Challenges in achieving sustainability objectives include inadequate leadership support,
limited resources, poor planning, and competing goals, as well as insufficient collaboration,
communication, monitoring, and evaluation, and inconsistent regulations and policies
creating barriers and uncertainties in reaching goals.

To achieve effective project planning and execution, define clear objectives, scope,
deliverables, and success criteria. A detailed project plan and efficient communication with
stakeholders prevent misunderstandings [1]. Implement risk management to maintain
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timelines and budgets [2]. Optimize resource management and adhere to quality stan-
dards [2]. Employ a structured change management process to handle changes. Monitor
progress using KPIs while embracing innovative technologies, best practices, and green
building principles for enhanced outcomes [2].

In view of deficient integration, adopting sustainable approaches, and implementing
effective project management practices, construction projects can achieve successful out-
comes while ensuring environmental responsibility, social equity, and economic viability.

2. Project Management Practices in Construction Sector

2.1. Role of Project Management in Construction Sector

Project management practices are crucial for successful construction projects, encom-
passing aspects like time, budget, quality, and resources. They prevent cost overrun issues
through goal setting, feasibility studies, and realistic schedules [5]. Risk assessment and
cost-control measures ensure staying within the budget [2]. In conclusion, project manage-
ment is pivotal, providing a structured approach for planning, controlling, and executing,
leading to successful project delivery.

2.2. Issues Related to Project Management during Various Project Phases

Project management involves distinct project lifecycle phases and challenges, as shown
in Figure 1. Unclear initiation objectives and scope lead to stakeholder misalignment [2].
Inadequate feasibility assessment causes unrealistic goals and resource shortages [2]. Plan-
ning scope creep increases costs and delays [1]. Underestimating project duration and
resource needs results in conflicts [1]. Proactive planning, communication, stakeholder
engagement, risk management, and continuous monitoring are crucial for project success.
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Figure 1. Issues related to project management during various project phases.

3. Sustainability in Construction Projects

3.1. Targets for Achieving Sustainability in Construction Projects

Achieving sustainability in construction requires specific targets for environmental, so-
cial, and economic responsibility. Table 1 lists common targets: energy efficiency to reduce
consumption [6], (GHG) emissions reduction [4], waste management to minimize genera-
tion [1], water conservation [7], and sustainable materials use [8]. Realistic goals aligned
with regulations, project type, and stakeholders’ priorities contribute to a responsible
built environment.
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Table 1. Targets for achieving sustainability in construction projects.

Sustainability Factors Targets Ref.

Energy Efficiency Establish energy performance targets in design to reduce energy consumption. [6]
GHG Reduction Set targets for carbon reduction by reducing GHG emissions. [4]

Waste Management Set waste minimization and recycling targets for construction wastes [1]
Water Conservation Set water consumption targets and implement technologies for management systems. [7]

Sustainable Materials Set targets for incorporating recycled and renewable materials in construction. [8]

3.2. Issues Leading to Failure of Sustainability Goals

Challenges in building projects for sustainability include limited knowledge, poor
planning, resource constraints, and competing goals. Leadership support, budget con-
straints, and rapid construction also pose difficulties. Inadequate monitoring hampers
progress tracking [2]. Limited awareness, sustainable technology availability, and resis-
tance to change hinder adoption [2]. Holistic sustainability demands strong leadership,
stakeholder engagement, planning, communication, and resource allocation.

4. Integration of Project Management Practices with Sustainability

4.1. Effective Project Management Practices for a Successful Project

Effective project management practices are vital for successful construction projects, as
shown in Figure 2. Key practices include well-defined objectives, scope, and deliverables,
as well as effective communication with stakeholders [2]. Quality standards and a struc-
tured change management process are essential for meeting project standards. Systematic
monitoring and reporting using KPIs is necessary [2]. A capable and motivated project
team fosters a positive team culture. Embracing innovative technologies and industry best
practices enhances project success and stakeholder satisfaction [9].
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Figure 2. Effective project management practices to avoid cost overrun in construction projects.

4.2. Sustainable Approaches for a Successful Project

Table 2 shows achieving construction project sustainability through green building
principles, using energy-efficient designs, sustainable materials, and renewable energy
systems. Obtain certifications from recognized green building rating systems like LEED or
other international standards [3]. Utilize water-efficient fixtures, rainwater harvesting, and
greywater reuse [7]. Implement smart technologies like Building Management Systems
(BMS) and IoT devices for energy efficiency and occupant comfort [9]. Set sustainability
KPIs for energy, water, waste, and carbon emissions, regularly assessing and reporting
progress for continuous improvement and transparency.
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Table 2. Sustainable approaches for successful construction project.

Sustainable Approach Practices to Be Adopted Ref.

Water Conservation Implement water-efficient fixtures and rainwater harvesting technologies [7]
Green Design and Certification Green building principles in design and certifications of rating systems [3]
Biodiversity and Green Spaces Sustainability by green spaces, urban forests, and biodiversity [10]
Smart Technologies and BMS Utilize BMS systems to optimize building efficiency and comfort [9]

Performance check and Monitoring Systems track water use and energy use to ensure sustainability [2]

5. Conclusions

Project management ensures construction project success, aiding resource allocation,
risk management, and communication. Integrating sustainability, green design, and smart
technologies fosters environmental responsibility, social equity, and economic viability.

1. Project management and sustainability practices enhance success, cost control, stake-
holder satisfaction, and built environment.

2. Sustainable construction projects aim for energy efficiency, waste reduction, water
conservation, and social responsibility.

3. The blend of project management and sustainability fosters success, cost control,
stakeholder satisfaction, and a sustainably built environment.

6. Recommendations

The research explores existing knowledge regarding practical aspects in construction
projects, including training, deployment, standardization, and implications. Utilize key
tools like scheduling, risk strategizing, quantitative analysis, and earned value manage-
ment. Future research should focus on critical variables, variations, and reasons, guiding
sustainable construction projects through project management skillset implications.
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Abstract: Soft cohesive formations are extensively distributed across the earth’s land mass. They
mainly comprise medium to high plastic clays deposited by thousands of years of geological activity.
In Pakistan, the upper and lower plains of the Indus Valley have several square kilometers of cohesive
ground. The cohesive soils are vulnerable to moisture variations and lack friction. Hence, they are not
considered an ideal ground for foundation support. The raft foundation and traditional reinforced
concrete piles are effective solutions, but are uneconomical. Sand piles can replace these expansive
foundations for moderately loaded structures; however, their effectiveness is required to be supported
by field and research investigations. This study presents FEM-based numerical investigations on
the performance of a single sand pile on soft cohesive ground. The pile is loaded with the 100 kPa
pressure, representing a moderately loaded structure. The stress–strain behaviors and overall pile
settlement results are graphically presented. The sand pile, the stiffer material, could hold most of
the stresses while maintaining volumetric strains up to 10%, thus allowing better load transfer to the
naturally soft ground.

Keywords: cohesive soil; foundation settlement; numerical modeling; sand pile; stress distribution

1. Introduction

Fine-grained soils (less than 0.075 mm in size) are problematic when they comprise
medium to high plastic clays. The fertile agricultural plains of Punjab and Sindh mainly
consist of cohesive soils formed by the alluvial deposits of the river Indus and its tributaries.
Cohesive soils have threaded particles that lack friction but have reasonable cohesion in a
dry state; however, under moist conditions, they lose their strength and become soft. There-
fore, they are considered inadequate for sustaining foundations [1]. Traditional solutions
like raft foundations and reinforced concrete piles function well. However, they might not
be economically viable, especially for moderately loaded structures. On the other hand,
conventional RC piles sometimes require unique and complex driving techniques [2]. Sand
piles have been proposed as a potential replacement for conventional deep foundations
up to a certain degree. Sand piling is a ground-improvement technique that replaces the
inadequate soil layer with sand piles produced by drilling holes into the ground and filling
them with dense sand [3]. These piles are used to construct a sequence of columns that
support the foundation. Since they can reduce settlement and increase the bearing capacity
of the soft ground, sand piles are a possible replacement for traditional deep foundations.
The performance of sand piles can be affected by several variables, including the pile’s
size and shape, the soil’s characteristics, and the load circumstances. Therefore, numerical
modeling is a valuable tool for analyzing the performance of sand piles under various con-
ditions [4]. Nevertheless, sand piles cannot be applied to structures subjected to complex
loading and specific drainage requirements [5]. Numerical simulations utilizing various
codes, such as PLAXIS and COMSOL [6], have become an effective tool for researching the
behavior of soils under various loading circumstances; these models can assist engineers
in designing more stable and dependable soil structures. Recent studies have stressed the
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importance of taking time-dependent behavior into account when evaluating the stability
and performance of soil by utilizing numerical simulations [7].

Research investigations to assess the efficacy of sand piles in soft cohesive ground are
limited; an effort has been made in this brief study to analyze stress–strain behaviors and
overall sand pile settlement. An FEM-based numerical model using COMSOL Multiphysics
code has been used in this perspective. This will give readers an insight into how sand
piles perform under static loads.

2. Materials and Methods

The natural ground was represented by fine-grained soil with a soft consistency,
whilst dense sand simulated the sand pile. The fundamental properties of geomaterials
were determined in the laboratory, and elastic properties were estimated using classical
correlations [6]. The mechanical properties of both components of the sand pile system are
shown in Table 1.

Table 1. Soil characteristics of natural ground and the sand pile.

System Component
Unit Weight (Υ)

kN/m3
Soil Friction

Angle (Φ)
Soil

Cohesion (C) kPa
Elastic Modulus

(E) MPa
Poisson’s Ratio

(n)

Natural Ground 14.71 - 50 40 0.3
Sand Pile 19.60 32 - 75 0.25

The 2-D model was developed to analyze the 6 m long sand pile embedded in a 12 m
deep natural ground comprising soft cohesive soil. The analysis was carried out using the
COMSOL Multiphysics program’s geomechanics module. The model geometry’s main
features and boundary conditions required to precisely reproduce pile behavior can be seen
in Figure 1. A moderately loaded structure was simulated using 100 kPa applied stress.

Figure 1. Cross-section of the sand pile and boundary conditions.

3. Results and Discussion

The sand pile stress absorption was examined through the resultant stress diagram.
Figure 2a depicts the stress variation in the sand pile system, demonstrating the lower stress
distribution in the natural ground compared with that in the sand pile. The stress distribu-
tion around the sand pile is focused on the applied stress contact point, demonstrating that
the pile holds most of the stresses and facilitates better load transfer to the natural ground.
Since the sand pile is stiffer than the surrounding soft soil, there is stress concentration
around the pile cap. The sand pile stress distribution and soil displacement behavior are,
respectively, illustrated in Figure 2a,b. The soil displacement behavior is a key performance
indicator of the sand pile in soft cohesive soils. The analytical results show slight displace-
ment within the sand pile system under the specified load settings. Compared with the
nearby soil, the displacement is predominantly centered around the pile and is relatively
minimal. The increased stiffness of the sand pile, which prevents the surrounding soil from
deforming, is the reason for the sand pile system’s displacement behavior.
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(a) (b) 

Figure 2. Stress-displacement behavior of the sand pile system. (a) Stress Distribution, (b) Soil
Displacement.

The stress–strain range at the cap and tip of the pile is shown in Figure 3. The analysis’s
findings show the pile’s ability to support loads and its distortion. The volumetric strain
gauges the volume change in the soil surrounding the pile. The pile’s cap and tip’s negative
values for volumetric strain indicate soil compression around the pile; the volumetric strain
is more significant at the pile cap than the pile tip.

 
Figure 3. Stress–strain range at pile extremes.

The sand pile was subjected to a static load. However, the consolidation phenomena in
cohesive material affected the overall performance. The settlement rate was measured using
the system displacement measured at the start, i.e., 0 min, and at 30 min and 60 min intervals.
Figure 4a demonstrates how the applied load deforms the sand pile. The displacement of
the pile increases over time, reaching its maximum displacement at 60 min. This implies
that the pile deforms more with time, proving that a time-dependent deformation under a
sustained load is occurring.

  
(a) (b) 

Figure 4. Consolidation effects of the sand pile system. (a) Depth (m) vs. displacement (mm),
(b) Displacement history.

It is also important to note that the deformation rate changes over time. At the start
of the simulation, the deformation rate is the fastest. As time goes on, the displacement
increases at a slower phase (see Figure 4b). This non-linear behavior is typical for soils since
soils display complicated stress–strain behavior based on the type, moisture content, and
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applied load. Overall, the results shed light on the sand pile’s time-dependent behavior
and emphasize the significance of considering it for the stability of structures.

4. Conclusions

The following conclusions can be drawn from the presented results.

• Numerical simulations can be economically used to predict the mechanical behavior
of complex soil systems such as sand piles in soft cohesive ground.

• The sand pile, a stiffer material, can bear most of the imposed stresses while reflecting
low strain values, resulting in overall low settlements of the foundation system.

• The time-dependent or consolidation behavior of the foundation remains a challenge
in cohesive ground even after the installation of the sand pile.

The research outcomes can be a benchmark for analyzing the substructures required
to be built in complex soil conditions.
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Abstract: The present study concerns the application of nano-/micro-sized fibers (bio-char of Santa
Maria feverfew) in cementitious mortars. The bio-char was added @ 0, 0.05 and 0.1% by mass of
cement. The addition of bio-char did not affect the setting and consistency of the mortars. The
fresh density was reduced by 11%, while the followability decreased by 50%. It is concluded that
the bio-char results in a light-weight cementitious material, without affecting the setting time or
consistency. Bio-char produces carbon-rich materials, the use of which as building materials adds to
carbon sequestration in accordance with the Sustainable Development Goals of the UNO.

Keywords: bio-char; Santa Maria feverfew plant; cementitious mortar; fresh density; consistency;
flowability; carbon sequestration; sustainable development goal

1. Introduction

Pyrolysis is an endoergic method that encompasses the thermo-chemical breakdown
of raw bio-mass in an inert atmosphere at high temperatures and pressures. This procedure
yields different valuable products like bio-char, liquid bio-oil and fuel gases [1]. Bio-char is
a light-weight, dark-colored carbon deposit. Scientists have used many different kinds of
feedstock, including water hyacinth, oriental beech, corncob and many more [2–4]. In recent
years, many researchers have added bio-char to cementitious products to enhance their
performance. Gupta et al. added bio-char of sawdust at a rate 2% by mass of cement [5]. The
results revealed that the addition enhanced the compressive strength and ductility of the
end products. Tayyab et al. incorporated the bio-char of millet and maize in mortar [6]. The
authors reported an enhancement of the fracture toughness and ductility of the specimens.
This enhancement was attributed to crack bridging/branching due to the fibrous nature of
the bio-char. Iftekhar et al. studied the effect of bio-chars of sugarcane bagasse and pine
needles in cementitious mortars [7]. The authors reported enhanced interface shielding.
Restuccia et al. used the bio-char of hazelnut shells in mortars. They reported an enhanced
compressive strength, flexural strength, toughness and ductility. Ling et al. used bio-char @
1–3% by mass of cement in mortar. Their findings revealed that a 3% bio-char content
enhanced the degree of hydration [8]. Mensah et al. reported that bio-char has the capacity
to enhance the mechanical and thermal properties of cementitious materials [9]. Most of
the previous studies focused on the effects of bio-char on the hardened properties of the
cementitious composites. Literature regarding the influence of bio-char addition on the
fresh properties of cementitious materials is scarce.

The present study focusses on the addition of the bio-char of Santa Maria feverfew
on the fresh characteristics of cementitious mortar. Santa Maria feverfew is a local plant
known as gajjar boti. The use of the Santa Maria plant for producing bio-char and that of
its bio-char as filler in mortar has not been studied previously. This study comprises of an
evaluation of the cementitious mortar in terms of its fresh density, consistency, setting time
and flowability.
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2. Materials and Methods

Cementitious mortars containing both the control and the specimens with added
bio-char were prepared. A C-53-grade local ordinary Portland cement was used (Table 1).
River sand was used as a fine aggregate (Table 1). The transformation of the Santa Maria
Feverfew plant from a raw product to pyroletic powder is shown in Figure 1. Three types
of specimens were prepared: a control and those containing 0.05% and 0.1% bio-char as the
mass of cement. The composition of the materials is presented in Table 2.

Table 1. Chemical and physical characteristics of the ingredients of the mortar.

Cement Sand
Compound %Age Property Value Property Value

CaO 61 Specific gravity 3.1 Specific gravity 2.7
SiO2 21 Soundness 2% Fineness modulus 2.7

Fe2O3 3 Fineness 1% Bulk density (Kg/m3) 1480
Al2O3 6 Initial setting time 30 min Dry-rodded bulk density(Kg/m3) 1820
MgO 1.5 Final setting time 610 min Water absorption(%) 3.9

Alkalis 0.5 Consistency 24% Water Content (%) 1.98
Gypsum 4

Figure 1. (a) Fresh Santa Maria Feverfew plant. (b) Dry plant. (c) Bio-char. (d) Powdered bio-char.

Table 2. Composition of the mortar.

Samples OPC (g) Sand (g) Water (mL) Bio-Char (g) Admixture (mL) W/C

C0 610 916 214 0 6 0.35
C0.05 610 916 214 0.305 6 0.35
C0.1 610 916 214 0.61 6 0.35

The materials were mixed as per the ASTM C305-20 standard method [10]. To avoid
agglomeration, the bio-char was mixed in water via the UV–sonication technique. An
admixture (super-plasticizer) was added (1% by mass of cement) to make the dispersion
more effective. All the ingredients were mixed in a Hobart mixer. After mixing, the samples
were cast in prisms (40 × 40 × 160 mm) according to the ASTM C1314 method [11]. After
24 h, the specimens were de-molded and immersed in water for curing. The flowability
was measured through a flow table test (ASTM C1437) [12]. The consistency of the mix was
determined using a Vicat apparatus (ASTM C187) [13]. The fresh density of the specimens
was determined using the ASTM C138/138M method [14]. The mixing machine, molding
and flowability test are shown in Figure 2.
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Figure 2. (a) Mixing, (b) molding and (c) flowability test.

3. Results and Discussion

3.1. Setting Time

The initial setting times are presented in Table 3. The results show that there is a
slight increase in the setting time, yet it is well within the limit, i.e., 30–45 min. The results
show that the addition of 0.05–0.1% of the bio-char of Santa Maria Feverfew does not affect
the initial setting time; the slight enhancement may be the result of the porous nature of
the particles, which absorb water, thus delaying hydration. The final setting times are
presented in Table 3. There is an almost negligible effect on the final setting time. Hence,
the bio-char particles do not affect the setting time of the paste. The filler particles absorb
water and, as such, may affect the hydration as well as the setting time, which is dependent
on the water [15].

Table 3. Effects of bio-char on the setting time and consistency of cement paste.

Specimen Initial Setting Time (min) Final Setting Time (min) Consistency (%)

C0 33.48 495 23.5
C0.05 35.32 485 23.7
C0.1 39.30 500 24.0

3.2. Consistency

The effect of the bio-char on the consistency of the cement paste is shown in Table 3.
Consistency is an important measure, as it provides an indication of the amount of water
for cement hydration. The slight enhancement may be the result of the porous nature of
the bio-char. Since bio-chars are porous, they may absorb water and enhance the water
requirements, but again, this enhancement is within the limits (25–30%).

3.3. Fresh Density

The fresh density of the mortar specimens is shown in Table 4. The results show that
the density reduces with the addition of the bio-char.

Table 4. Effect of bio-char on fresh density.

Specimen Density (kg/m3) % Difference

C0 2100
C0.05 2000 4.8
C0.1 1880 10.5

The addition of bio-char enhances the volume of the mix. Since bio-chars are extremely
light materials, the increase in mass is small as compared to the increase in volume. This, in
turn, reduces the density. These results are in accordance with the previous literature [6,7].

3.4. Flowability

Flowability was assessed through a flow table test. The results are shown in Table 5.
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Table 5. Effect of bio-char on flowability.

Specimen D1 (mm) D2 (mm) D3 (mm) Mean D (mm) % Difference

C0 9.7 10.1 10.2 10
C0.05 5.1 5.4 5.7 5.4 46
C0.1 4.9 4.8 4 4.6 54

The results show that the flowability drastically decreases with the addition of bio-char.
The absorption of moisture by the bio-char particles reduces the flow. Bio-char particles
are finer than cement. Finer particles enhance the specific area of the particles and, hence,
lessen the amount of water for the lubrication of the mix. Therefore, there is a substantial
reduction in flow. This situation demands the use of a larger amount of superplasticizer
to maintain the flow. In the present study, the superplasticizer was mainly introduced for
the dispersion of the bio-char particles. Owing to their nano-size, the particles become
agglomerated.

The use of bio-char for the enhancement of the properties of cementitious products in
a hardened form has been documented by many researchers. The present work explored
the effects of bio-char on the fresh properties of cementitious materials. The results revealed
that the bio-chars can be used as admixtures for reducing fresh density, with no effect on
the setting time.
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Abstract: This research focuses on dataset development using NaOH treatment period (NaTP), NaOH
concentration (NaCon), coarse aggregates (gravel), fine aggregates (sand), water, water–cement ratio
(w/c), crumb rubber percentage (CR%), and equations to predict the CS of concrete. The criteria for
the model accuracy included the coefficient of regression (R2), mean absolute error (MAE), and root
mean square deviation (RMSE). In this study, Multiple Non-Linear Regression (MNLR) performed
better compared to Multiple Linear Regression (MLR). The MNLR values obtained for R2, MAE,
and RMSE were 0.88, 4.64, and 6.15; and the MLR values were 0.82, 5.86, and 7.43 for R2, MAE, and
RMSE, respectively.

Keywords: regression analysis; multiple linear regression; pre-treatment; compressive strength

1. Introduction

Concrete structures play an essential role in providing shelter, housing, transportation,
and various aspects of construction [1]. Concrete is made up of fine aggregate, coarse
aggregate, and cement when mixed with water [2]. Aggregates in the construction and
mining processes are depleting natural resources [2]. The current scenario faces a major
problem with industrial waste, posing a threat to the environment. Researchers use waste
products to create sustainable cementitious composites to address these major problems. [3].
Waste in excessive amounts contributes to pollution, which in turn is harmful to living
habitats [4–6].

A recent study used 152 datasets to forecast 28 days of compressive strength of high-
performance concrete with metakaolin. The models used were Linear Regression (LR),
Multi-Logistic Regression (MLR), Response Surface Methodology (RSM), and Non-Linear
Regression (NLR). The RSM model performed best, providing results close to those of
laboratory testing. The sequence of accuracy was RSM > NLR >LR >MLR [7]. A study
on the compressive strength of geopolymer mortar using statistical predictive models
was performed using 247 datasets. The models used were LR, MLR, and NLR. The NLR
outperformed the other two models in forecasting and real-time analysis, indicating a
greater reliance on NLR [8].

This research focuses on predicting the compressive strength of NaOH pre-treated
crumb rubber concrete using statistical models with basic evaluation criteria for the accurate
forecasting of CS. This approach saves time, reduces laboratory testing, and is convenient
for designers.
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2. Research Procedure

2.1. Dataset Development

The dataset for the linear and non-linear regressions was obtained from international
journals [9–17]. In this dataset, different parameters were used to create a linear and non-
linear model in order to avoid the hectic task of casting samples. The dataset included the
NaOH-treated crumb rubber data with 115 entries. The input variables used in the dataset
were the NaOH treatment period (NaTP), NaOH concentration (NaCon), crumb rubber
percentage (CR%), water-to-cement ratio (w/c), cement, water, fine aggregates (sand), and
coarse aggregates (gravel). NaTP is the period during which the crumb rubber is placed in
the prepared solution of sodium hydroxide and water to make its surface rough for better
bonding, NaCon is the amount of sodium hydroxide in the water for the preparation of
the solution: 10% of NaCon indicates that 10% sodium hydroxide was added to water
to prepare the solution as the treatment solution, and CR% is the percentage of the tire
rubber, which is shredded and to be used as a replacement for sand in the mix. The output
parameter used in the dataset was the compressive strength of NaOH-treated crumb rubber
after 28 days of curing (Table 1).

Table 1. Input and output parameters.

Parameters NaTP NaCon %CR w/c Cement Water Sand Gravel CS

Mean 7.40 8.07 10.00 0.45 377.55 173.92 699.46 607.81 36.41
Standard

Error 1.01 0.81 0.75 0.01 8.59 4.45 20.94 36.28 1.21

Median 0.50 10.00 10.00 0.48 396.00 175.00 685.00 416.00 36.72
Mode 0.00 10.00 0.00 0.50 400.00 175.00 990.00 311.00 35.00

Standard
Deviation 10.81 8.64 8.08 0.06 92.11 47.74 224.58 389.09 12.96

Sample
Variance 116.85 74.59 65.25 0.00 8483.41 2279.06 50,437.86 151,393.70 167.99

Kurtosis −1.20 4.85 −0.84 −0.25 8.03 5.01 2.42 −1.52 −0.18
Skewness 0.90 1.77 0.27 −0.36 −2.35 −1.23 −0.24 0.15 −0.29

Range 24.00 50.00 30.00 0.25 481.20 284.60 1333.20 1257.00 61.30
Minimum 0.00 0.00 0.00 0.35 18.80 9.20 41.80 0.00 1.70
Maximum 24.00 50.00 30.00 0.60 500.00 293.80 1375.00 1257.00 63.00

Sum 851.34 928.00 1150.00 52.29 43,418.00 20,001.09 80,438.20 69,898.40 4187.19
Count 115.00 115.00 115.00 115.00 115.00 115.00 115.00 115.00 115.00

2.2. Error Evaluation

After the model development, the accuracy of the model depends on the error, which
can be calculated with the help of statistics. Each error has different criteria to check the
accuracy of the model. In this model, the first error evaluation method that was used was
the R2 coefficient of determination; its value normally ranges between 0 and 1, and a value
close to 1 indicates that the error is less. ‘A’ represents the observed or actual value while
‘F’ represents the forecasted value.

R2 =
∑n

i=1
(

Ai − Ai
)(

Fi − Fi
)

√
∑n

i=1
(

Ai − Ai
)2

∑
p
j=1

(
Fi − Fi

)2
(1)

The second error valuation criterion used in this research was the root mean square
deviation (RMSE). In the case of RMSE, a value closer to 0 is good as compare to a value
farther from 0, so 0 is considered the benchmark. In the equation of RMSE, the actual value
is represented by ‘A’ and the forecasted value by ‘F’.
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RMSE =

√
∑n

i=1(Ai − Fi)
2

n
(2)

The mean absolute error was also used in this research; the closer the value to zero,
the better the results predicted.

MAE =
1
n

n

∑
i=1

|Fi − Ai| (3)

3. Results

3.1. MLR Model

The general representation of linear and non-linear regression is represented in
Figure 1. With the help of the input parameters, i.e., NaTP, NaCon, CR%, w/c, water,
sand, and gravel, the equation was developed for the MLR model in an Excel data sheet for
forecasting and results extraction for the dependent variable. The equation developed for
the prediction of NaOH-pre-treated crumb rubber is shown in Equation (4).

CS = −28.966 − 0.571NaTP + 0.136NaCon − 0.564%CR + 120.039W/C + 0.303Cement − 0.496Water + 0.006Sand
−0.021Gravel

(4)

 
(a) (b) 

Figure 1. General figure for (a) linear and (b) non-linear regression.

3.2. MNLR Model

Independent variables, i.e., NaTP, NaCon, CR%, w/c, water, sand, and gravel, were
used for the development of an equation for forecasting the compressive strength of NaOH-
pre-treated crumb rubber concrete. The equation developed using the Excel dataset for the
prediction is shown in Equation (5).

CS = 77.540 − 2.795NaTP + 0.093NaTP2 + 1.239NaCon − 0.025NaCon2 − 1.395%CR + 0.019%CR2 − 243.610W/C

+253.984W/C2 + 0.105Cement + 0.259Water − 0.001Water2 − 0.008Sand − 0.025Coarse
(5)

The error results from the calculations using the modeled equations are shown in
Table 2. As the value of R2 of Multiple Linear Regression (MLR) is 0.8177 and the Multiple
Non-Linear Regression value is 0.8791, which is close to 1, the MLNR is more accurate in
terms of model development and the reliance on MLNR is preferred. In the case of MAE,
the MLNR value is 4.642 and the MLR error value is 5.855; according to the criteria, lower
values are preferred, which is why the MLNR is the leading model. The RMSE calculations
show that the value of MLNR is 6.15, whereas the MLR error value is 7.43; in this error
evaluation, the MLNR is more reliable because the RMSE also prefer values near 0.
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Table 2. Error evaluation.

Model R2 MAE RMSE

MLR 0.8177 5.855 7.43
MNLR 0.8791 4.642 6.15

4. Conclusions

The dataset is created using 115 results from the literature to train the model. The
equations are developed separately for MLR and MNLR for the prediction of the com-
pressive strength of NaOH-pre-treated crumb rubber concrete using different independent
variables. The accuracy is analyzed using different errors like R2, MAE, and RMSE. This
study is conducted for the convenience of researchers to avoid laboratory procedures and
extract direct results in a smart way.

The following conclusions can be drawn from this study:

• Several evaluation criteria are used for checking the accuracy of the models, including
R2, MAE, and RMSE. The MNLR performs the best compared to MLR;

• MLNR obtains the value of 0.8791, 4.642, and 6.15 for R2, MAE, and RMSE, respectively;
• The determined sequence with respect to accuracy in this research is MNLR > MLR;
• Using a comprehensive set of variables for concrete mixture design, including al-

ternative waste materials, was found to be feasible for predicting the strength of
sustainable concrete.

The research needs some more studies, like parametric and sensitivity analyses, for
more precise and practical implications in the real engineering world. After performing a
detailed analysis using the parametric effect and sensitivity analysis; design engineers can
use it with no objection.
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Abstract: Earthquakes can induce structural failure, the vertical collapse of a structure, or can result
in the breaking and falling of non-structural components of the structure. Most of the region of
Pakistan has a high risk of seismic activity and the country lacks seismic-resistant structures. The
effectiveness of the base isolation technique has been studied by many researchers, but significant
research has not been conducted particularly for high earthquake-prone regions of Balochistan. This
study includes the comparative seismic response analysis of the two multi-storey reinforced concrete
3D frames, with and without base isolation under the effect of seismic loads. This study indicates the
effectiveness of base isolators in reducing the seismic response of buildings in the earthquake-prone
regions of Balochistan.

Keywords: base isolation; FEM; seismic analysis; Uniform Building Code (UBC-97)

1. Introduction

An earthquake is a disruptive and unpredictable force that causes the Earth’s surface
to shake along a fault plane. They are the costliest disasters in history [1,2]. The 1935 Quetta
earthquake destroyed the city completely, killing 30,000 to 60,000 in impact. Moreover, more
than 450,000 buildings were damaged in the Kashmir Earthquake in 2005 [3]. Recently, two
major quakes of magnitudes 7.5 and 7.8 occurred in south-central Turkey on 6 February 2023,
near the Syrian border killing over 50,000 people [4]. The principal reason for structural
failure during an earthquake is poor-quality construction materials, faults in construction
methods, soil and foundation failure, mass irregularities, and inadequate design. With
population growth, the demand for tall buildings is increasing. Worldwide, Reinforced
Concrete (RC) multi-storied buildings have been affected by earthquakes drastically, and
shear walls and steel bracing are used to reduce the earthquake effects but emerging
technologies such as base isolators and dampers are found to be relatively more effective [5].
In earthquake-prone areas, there is always a risk of dangerous seismic activities. Several
structures could collapse at magnitudes 6 to 7, with cracks on the ground. Many buildings
may fall during earthquakes of magnitude 7 to 8 with significant damage [6]. Therefore,
while designing a medium-to-high-rise building, vibration control should be considered
along with the seismic design of the building. The effects of the horizontal component of an
earthquake can be reduced by increasing the structure’s natural period and decreasing the
acceleration response which can be achieved utilizing seismic isolation [7]. Base isolators
decouple the superstructure from the foundation, consisting of flexible or sliding materials
placed between the building and its foundation. Extensive research shows that base
isolation works properly for medium to high-rise buildings [8]. However, the novelty
of this research is its focus on the response analysis of multi-storey buildings in regions
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of Balochistan, with high risk of seismic activity. The significance of this work lies in its
potential to contribute to future research and base isolator usage for earthquake protection
in Balochistan.

2. Research Methodology

2.1. Modelling of Frame

Two five-storey identical building frames were modeled with and without base iso-
lators shown in Figure 1a,b. The Lead Rubber Bearing (LRB) base isolator was modeled
in ETABS by applying springs in the model at the location of joints. The link/support
properties used in defining the springs are shown in Table 1 [9].

 
(a) (b) 

Figure 1. 3D View of the SMRF frame: (a) without base isolation; (b) with base isolation.

Table 1. Lead rubber base isolator properties [9].

Lead Rubber Isolator Properties

Rotational inertia 0.016603 kN/m Distance from the end (Non-linear) 0.00318 m
Effective stiffness (Linear) 1,175,418.57 kN/m Stiffness (Non-linear) 10,831 kN/m

Effective stiffness (Non-linear) 1175.42 kN/m Yield strength (Non-linear) 34.70 kN
Effective Damping (Non-linear) 5% Post-yield strength ratio 0.1

2.2. Ground Motion Data

A large magnitude earthquake, Tabas, Iran was used in seismic response analysis,
obtained by selection of the best matched ground motion amongst different ground motions
selected initially from PEER Ground Motion Database and through SeismoSignal. The
properties of the ground motion used are shown in Table 2.

Table 2. Ground motion data [10].

Earthquake Year Magnitude Fault Mechanism

Tabas, Iran 1978 7.35 Reverse

2.3. Ground Motion Parameters

Ground Motion parameters used for the seismic analysis and matching of the ground
motion are selected based on UBC-97, which are according to the regions lying in the most
critical zones of Balochistan, i.e., Zone 4. The parameters are shown in Table 3.

2.4. Matched Response Spectra and Time History

Initially, the UBC-97 design spectrum was generated in Seismomatch with a PGA value
of 0.32 g, then matched to the UBC-97 design spectrum from which the response spectra
and matched time history were obtained, as shown in Figures 2a and 2b, respectively.
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Table 3. Ground motion parameters.

Soil Profile SD Stiff soil

Seismic zone factor ZONE 4
Z 0.4

Seismic Coefficient “Ca” Soil Profile Type Seismic zone factor, Z (Z = 0.4)
SD 0.44Na

Seismic Coefficient “Cv Soil Profile Type Seismic zone factor, Z (Z = 0.4)
SD 0.64Na

Near Source factor “Na” Seismic source type Closest distance to the known seismic source
B ≥10 km
Na 1.0

Near Source factor “Nv” Seismic source type Closest distance to the known seismic source
B ≥15 km
Na 1.0

 

(a) (b) 

Figure 2. (a) Spectral acceleration (X-direction); (b) Tabas, Iran time history (X-direction).

3. Results and Discussions

3.1. Storey Displacement

The storey displacement is the absolute value of displacement of the storey with
respect to the base. Figure 3a shows that the overall maximum inter-storey displacement
has been significantly reduced. Hence, a reduction of 74.3% in roof storey displacement
is observed.

 
(a) (b) 

 
(c) 

Figure 3. (X-direction) (a) Storey displacement; (b) Inter-storey drift; (c) Storey shear.
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3.2. Inter-Storey Drift Ratio

Inter-storey drift ratio is the difference of displacements between two consecutive
stories or storey drift, divided by the height of the story. The non-structural damage has a
direct connection with the story drift [11]. At the roof storey, a reduction of 90.1% in the
inter-storey drift ratio is observed. The following pattern can be seen in Figure 3b below.

3.3. Storey Shear

Storey shear is the lateral force caused by seismic and wind forces that are acting
on a storey. Base isolation increases time period and storey drift while decreasing storey
shear and acceleration, making stiffer structures more flexible by directing energy to the
foundation [12]. Hence, a reduction of 66.2% in roof storey shear is observed in Figure 3c.

4. Conclusions

This study proves that base isolators significantly reduce storey displacements, drifts,
and shear in multi-storey buildings in Balochistan’s high-seismic-risk Zone 4. LRB isolators
effectively increased stiffness, energy dissipation, and building time period from 0.8 s to 2.03
s, mitigating the earthquake impact by preventing resonance and reducing deformations.
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Abstract: This study focused on the application of nano-/micro-sized fibers obtained from pyrolysis
of Santa Maria feverfew (biochar) in cement mortars. The biochar was added in amounts of 0, 0.05
and 0.1 percent by mass of cement. The mechanical characteristics were determined after 3 and 7 days
and matched with those of the control samples. The compressive strength remained unchanged with
the biochar addition, whereas the flexural strength increased. Biochar is a carbon-rich material, and
its use in building materials leads to carbon sequestration, which is in accordance with the sustainable
development goals of the UNO.

Keywords: cement mortars; biochar; Santa Maria feverfew plant; compressive strength; flexural
strength; early age; carbon sequestration; sustainable development goals

1. Introduction

Pyrolysis is an energy-intensive method that involves the thermochemical breakdown
of raw biomass in an inert atmosphere at high temperatures and pressures. This procedure
yields different valuable products, like biochar, liquid bio-oil and fuel gases [1]. Biochar
is a low-density dark-color carbon deposit. Scientists have used many different kinds of
feedstock, including water hyacinth, oriental beech, corncob and many more [2–4]. Many
researchers in the recent past have added biochar to cementitious products to enhance
performance. Gupta et al. added biochar of sawdust at the rate 2% by mass of cement [5].
The results reveal that the addition enhanced the compressive strength and ductility of the
end products. Tayyab et al. incorporated the biochar of millet and maize in mortar [6]. The
authors reported an enhanced fracture toughness and ductility of the specimens, which
was attributed to crack bridging/branching due to the fibrous nature of biochar. Iftekhar
et al. studied the effect of adding the biochars of sugarcane bagasse and pine needles
into cementitious mortars [7]. The authors reported enhanced interface shielding due to
the addition. Restuccia et al. used the biochar of hazelnut shells as an additive in mortar
specimens. They stated it enhanced compressive strength, flexural strength, toughness and
ductility. Most of the previous studies focused on the effect of biochar on the hardened
properties of the cementitious composites. The literature as regards the influence of biochar
additions on the early-age properties of cementitious materials is limited.

The present study focused on the addition of the biochar of Santa Maria feverfew on
the mechanical characteristics of cementitious mortar at an early age. As a matter of fact,
the effect of biochar on the hardened properties of cementitious materials is well known;
however, research on its effect on early-age mortar’s characteristics is limited. Santa Maria
feverfew is a local plant also known as gajjar boti or gajjar ghass. This study involved the
evaluation of cementitious mortar in terms of its compressive and flexural strengths.
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2. Materials and Methods

Cementitious mortars containing both the control mix and specimens with added
biochar were prepared. A C-53-grade local ordinary Portland cement was used; the physical
and chemical properties are described in Table 1. Sand was acquired from Lawrencepur
(a well-known quarry) and was used as a fine aggregate, and its physical characteristics
are reported in Table 1. Unlike the control mix, the other two mixes were integrated with
biochar of the Santa Maria feverfew plant, as shown in Figure 1. Three types of specimens
were prepared: one control, and those containing 0.05% and 0.1% biochar by mass of
cement. The composition of the materials is presented in Table 2. A 1:1.5 cement/sand
mortar with a water-to-cement ratio of 0.35 was prepared. The admixture was added at the
rate of 1% by mass of cement.

Table 1. Chemical and physical characteristics of the ingredients of mortar.

Cement Sand
Compound %Age Property Value Property Value

CaO 61 Specific gravity 3.1 Specific gravity 2.7
SiO2 21 Soundness 2% Fineness modulus 2.7

Fe2O3 3 Fineness 1% Bulk density (Kg/m3) 1480
Al2O3 6 Initial setting time 30 min Dry rodded bulk density (Kg/m3) 1820
MgO 1.5 Final setting time 610 min Water absorption(%) 3.9

Alkalis 0.5 Consistency 24% Water content (%) 1.98
Gypsum 4

Figure 1. (a) Fresh Santa Maria feverfew plant, (b) dry plant, (c) biochar and (d) powdered biochar.

Table 2. Composition of mortar.

Samples OPC (g) Sand (g) Water (mL) Biochar (g) Admixture (mL) W/C

C0 610 916 214 0 6 0.35
C0.05 610 916 214 0.305 6 0.35
C0.1 610 916 214 0.61 6 0.35

All the materials as described in Table 2 were mixed as per the ASTM C305-20 standard
method [8]. To avoid agglomeration caused by the fine size of the biochar particles, the
biochar was mixed in water using the UV-sonication technique. The admixture (super-
plasticizer) was added (1% by mass of cement) to make the dispersion more effective.
All the ingredients were mixed in a Hobart mixer. After mixing, the samples were cast
in cubes (50 mm size) and prisms (40 × 40 × 160 mm) according to the ASTM C1314
method [9]. After a one-day period, the specimens were de-molded and immersed in water
for curing. The compressive strength was measured through ASTM C109 [10]. The flexural
strength of the specimens was determined using the ASTM C348 method [11]. The mixing
machine, molding process, strength test and sonicated mix of biochar and water are shown
in Figure 2.
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Figure 2. (a) Mixing, (b) molding, (c) flexural strength test and (d) UV-sonicated solution.

3. Results and Discussion

3.1. Compressive Strength

The strength results are presented in Table 3. The results show that there was a
slight decrease in the compressive strength. The compressive strength of cementitious
composites is closely related to their density [12]. Being porous and lightweight, biochar
particles reduce density. A reduction in density might lead to a reduction in compressive
strength [13,14]. In the hardened state, biochars are observed to enhance compressive
strength [15,16].

Table 3. Effect of biochar on compressive strength of cementitious mortar.

Specimen Compressive Strength (MPa)
3 Days 7 Days % Difference

C0 13.2 16.7
C0.05 12.3 15.3 −8
C0.1 12.5 15.8 −5

3.2. Flexural Strength

The influence of the biochar on the flexural strength of the cementitious mortar is
shown in Table 4. The flexural strength was enhanced with the biochar addition. A previous
study suggests that while the compressive strength mainly relies on the compactness of the
material, the flexural strength is mainly dependent on the bond between the ingredients of
cementitious materials [17]. As micro-/nano-fibers like those composing biochar enhance
the cohesion between the particles, they may enhance the flexural strength [18].

Table 4. Effect of biochar on flexural strength of cementitious mortar.

Specimen Flexural Strength (MPa)
3 Days 7 Days % Difference

C0 1.3 1.9
C0.05 1.7 2.4 26
C0.1 2.1 2.7 42

4. Conclusions

Based on the experimental outputs, the following conclusions are put forward. The
biochar of the Santa Maria feverfew plant slightly reduces the compressive strength at
an early age. The reduction in material density seems to be the cause of the reduction
in compressive strength. The compressive strength is reduced by 8 and 5% with 0.05
and 0.1% additions of the biochar. Biochar enhances the flexural strength at an early age.
Enhancement of material cohesion due to biochar’s fibrous character seems to be the cause
of the enhancement of flexural strength. The flexural strength is enhanced by 26 and 42%
with 0.05 and 0.1% additions of the biochar at 7 days. Biochars are highly carbon-rich
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particles. As such, their addition to cementitious mixes is beneficial for carbon capture, a
key sustainable development goal. Its addition results in high flexural strength of the end
products at an early age, which is beneficial in many construction projects.
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Abstract: An earthquake is a force which is unpredictable and can cause serious damage to a structure
and its structural components. For improved safety, the seismic design of the building should be
adequate, and measures should be taken for vibration control. In order to mitigate effects, base-
isolation techniques must be provided to counter seismic loads; this is a seismic isolation technique
which prevents the transfer of energy from the base of the structure to the upper stories. In the
research, two similar 3D frame models were modelled with and without base isolators and analyzed
following the provisions and codes. The real ground motion data of the earthquake was selected, then
matched to a design spectrum to obtain the matched time history. The story response plots obtained
after the time history analysis indicate that base isolation is a reliable and effective technology to
improve the seismic performance of the building, particularly with inadequate seismic design.

Keywords: base isolators; seismic base isolation; lead rubber base isolator; time history analysis

1. Introduction

The health of structures during seismic activity in seismic-prone areas has always been
a concern for humanity. An earthquake, which mostly occurs at fault zones, is the shaking of
the ground caused by the seismic waves that travel through the Earth’s crust. Seismic waves
are produced when the energy stored in the Earth’s crust is released suddenly, usually
when rock masses strain against each other fractures and slip. Nowadays, in the modern
construction world, seismic isolation techniques have gained a lot of popularity. This
technique has been adopted to protect the structures against the adverse effects of seismic
activity [1]. By placing isolation devices between the foundation and super-structure, it
effectively decouples the structure from seismic ground vibrations. The base isolation
device’s primary goal is to reduce the horizontal acceleration which is transmitted to the
structure [2]. Earthquakes of lower magnitudes, while perceived as less severe, can still
pose significant dangers. The most effective way to protect buildings from seismic forces is
to make the structure flexible and increase its stiffness, which is achieved by base isolators.

Base isolation systems are generally of two types, i.e., elastomeric bearings and sliding
isolation bearings. The elastomeric bearing is a type in which synthetic rubber is sand-
wiched between two mild steel plates as a damping object, while a sliding isolation bearing
is a flexible device that allows some movement by the column end which slides over a plate,
it deflects the earthquake energy [3]. Studies have shown that the horizontal component of
an earthquake plays a major role in the destruction of a structure; it is more responsible
for the damage to the structures. It can be reduced by increasing the structure’s natural
period and decreasing the acceleration response, which can be achieved using base isola-
tors [4]. In 2017, Wankhade studied the behavior of different base isolators in a building
and compared peak story shear and displacements with and without base isolators. He
concluded that there was a considerable difference in peak story displacements and shear

Eng. Proc. 2023, 44, 10. https://doi.org/10.3390/engproc2023044010 https://www.mdpi.com/journal/engproc
47



Eng. Proc. 2023, 44, 10

with fixed and isolated bases and that base frequency was reduced by using base isolators.
The base isolation system is not physically present in Pakistan, but rather, studies have
been conducted on the feasibility and application of lead rubber bearings and different
kinds of isolations. There are many earthquake parameters used to determine the ground
motion characteristics. Generally, earthquake loading effects are represented by three
parameters, that include: peak ground acceleration, time history, and response spectrum.
These parameters are used for the design of the structure and are known as the Design
Basis Ground Motion Parameters [5].

2. Methodology

The experiment starts with modelling two similar 3D frame models in CSI ETABS version
2016. The elevation, plan, and 3D view of both the frames are shown in Figure 1a–d. Both
frames shared the same design parameters and characteristics. Isolation was incorporated
at the base of the second frame. The input parameters were complied with the UBC-97
specifications and ACI-318 requirements. The models were analyzed based on a finite
element analysis. Moreover, for base isolators, lead rubber bearings were used because they
are commonly used in buildings and are easy to install, compared to others. In ETABS base
isolator acted as spring element. The input parameters for isolators are given in Table 1.

  
(a) (b) 

 

(c) (d) 

Figure 1. This figure shows the elevations, plan and 3D views of the frame models: (a) shows the
elevation of frame without base isolation, while (b) shows with base isolation; (c) shows plan view of
the frame model while (d) shows 3D view of the frame model.
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Table 1. Stiffness characteristics for the design of lead rubber isolator [6].

Lead Rubber Isolator (LRB) Properties

Rotational inertia 0.009721 kN/m
Effective stiffness (Linear) 889,950.58 kN/m

Effective stiffness (Non-linear) 889.95 kN/m
Effective damping (Non-linear) 5%

Stiffness (Non-linear) 8201 kN/m

Yield strength (Non-linear) 26.27 kN
Post yield strength ratio 0.1

3. Ground Motion Time History

The earthquake used for analysis was the Northridge—Lassen and Reseda earthquake
that occurred in 2007, with a magnitude of 4.66 and having a reverse fault mechanism. The
earthquake was matched to the UBC-97 design spectrum using Seismomatch, which was
then used in time history analysis to obtain the story response plots. The time history can
be seen below in Figure 2.

Figure 2. Northridge—Lassen and Reseda time history (acceleration in X-direction).

4. Seismic Response

The comparison of the story displacement of both the fixed base and the isolated
base is shown in Figure 3. The base isolation systems cause the superstructure to move
rigidly, which reduces the relative structural element displacement and, in effect, reduces
internal forces on beams and columns. For the earthquake, i.e., the Northridge—Lassen
and Reseda, a significant reduction of 85.9% in roof story displacement was observed, as
shown in Figure 1a. When comparing the base-isolated frame to the fixed base frame, it can
be seen in Figure 3b that the story drift ratio is higher on lower floors, and then it becomes
constant on upper floors. However, in the fixed base frame, the story drift starts at zero
at the ground level and increases nonlinearly with height. A reduction of 94.5% in roof
story drift has been observed. Story shear refers to the lateral or horizontal force exerted on
each level or story of a building during an earthquake event. Compared to the fixed base
frame, a significant reduction in shear at each story is observed, and a reduction in roof
story shear of 80.7% was observed in the base-isolated frame, as shown in Figure 3c.
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(a) 

(b) 

(c) 

Figure 3. This figure shows the seismic response of the building frame in terms of story response
plots: (a) shows the story displacement for Northridge—Lassen and Reseda for fixed and isolated
base models (X-direction), (b) shows the story drift, while (c) shows the story shear.

5. Conclusions

The conclusions drawn from the results of seismic response analysis are as follows:

• In comparison to a fixed-base frame, the frame with base isolation shows a significant
decrease in story displacement, i.e., by 85.9%; a story drift of 94.5%; and story shear,
which is 80.7% because of the reduction in seismic effect after the provision of lead
rubber base isolators.

• The results indicate that for earthquakes of relatively lower magnitudes, base isolators
have been proven to be very effective and important, especially for buildings which
have not been designed according to the seismic demand.

• This study demonstrates that base isolation can be successfully used in mid-rise
buildings to mitigate the effects of earthquakes and can be used for retrofitting to
prevent structural damage.
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Abstract: This article discusses the extent of the spread of contamination in water distribution
networks which may enter through a pipe leak, and the decay rate of chlorine for a specified design
duration. A comprehensive water quality analysis is performed using EPANet 2.2 for the spread of
contamination and chlorine decay. The results show that a contaminant entering at the highest point
of the network would pollute the whole network whereas the effect of such a contaminant would be
limited if it enters at the lowest location. Also, the initial chlorine concentration is found to be more
for such critical nodes which are higher in elevation, although the decay rate remains the same. The
research proves to be beneficial for the management of water distribution through pipe networks
against contaminants for maintaining public health.

Keywords: contamination; chlorine decay; water distribution networks; decay rate

1. Introduction

A leak in the water supply pipe may cause contamination to enter into the network
which presents serious harm to living beings [1–3]. Pipe leakage may occur due to corrosion
of pipe material, incorrect laying of pipes, or any impact or excessive loads on the pipes [4,5].
The contamination which enters into the pipe may be of two types namely, reactive or
non-reactive. The reactive matter includes toxic substances or pathogen bacteria or related
soil particles which stay inside the pipes and make the water harmful for the users [1,6].
To resolve this, disinfectants are added to the water distribution networks. Chlorine (Cl)
being the most common disinfectant is used worldwide for the said purpose. However, it
entails various limitations, as the Cl reacts with the water in the pipe, called bulk reaction,
or reacts with the pipe wall material, called the wall reaction. Due to these reactions, the
concentration of Cl in water reduces with time and this phenomenon is termed Cl decay [7].
The concentration of Cl is designed in such a way that it follows the guideline provided
by the World Health Organization. LeChevalliar et al. studied the health risks related
to contamination intrusion in water networks [2]. Keramat et al. performed numerical
analysis for the contamination intrusion due to pressure transients [8]. Darweesh found
that there is a negative effect on the water quality when using variable speed pumps for
the water supply network [9]. Ponti et al. and Li et al. used evolutionary algorithms and
a multi-parameter monitoring system to detect intrusion and its location in distribution
networks, respectively [10,11]. Currently, there is a need for validation of the equation of
chorine decay rate and the amount of contamination that may spread into the network at a
given time duration after it enters the network. Hence, this study was performed to study;
the extent of contaminant spread into the water network and the decay rate of contaminant
while being in the water network for a designed duration.
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2. Research Methodology

2.1. Study Area

The satellite imagery of the study area is shown in Figure 1a. The valley is a residential
area with an approximate population of 3150 and it consists of houses of various sizes
including other amenity buildings. The elevation contour plan of the area is shown in
Figure 1b. The network model and its all design parameters have been obtained from the
website of Aquaveo [12]. The primary source of water for these valleys is the Mann Water
Reservoir located on the south-eastern side of the area [12]. The circular water tank (having
a diameter of 115 ft (35 m) with a water depth of 10 ft (3 m) is designed to be filled by
pumps and the location of the water tank is kept at an elevated area with an elevation of
6320 ft (1925 m) such that the pressure at all joints in the network remains sufficient. The
water distribution network (WDN) laid for the area consists of High-Density Poly Ethylene
(HDPE) pipe material with a pressure rating of PN-16 (maximum sustainable pressure of
16 bars or 230 psi). The network model in the EPANet 2.2 consists of a total of 116 nodes
and 119 pipes. The water distribution pipes range from 3 in. to 6 in. (75 mm to 160 mm) in
diameter and the layout used for the simulation is shown in Figure 2.

(a) (b) 

Figure 1. (a) Satellite image and (b) elevation contour map of the study area.

 
Figure 2. Water supply network for Denver with critical nodes.
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2.2. Hydraulic Analysis Parameters

Figure 2 shows the WDN with the location of identified critical nodes that were
identified based on their water demand and elevation values. JN-13 was selected for
having the highest demand of 7.2 gpm in the network whereas JN-61 was selected for
having the lowest demand and no outflow. Also, JN-71 was selected for being the lowest
junction in the whole network system with an elevation of 5986 ft (1824 m). The steady-state
hydraulic analysis was run by using the Hazen-Williams equation. A roughness coefficient
of 150 was used for plastic pipes [13]. The following equation was used for the analysis:

hL = 4.73LQ1.85

C1.85 D4.87 , where hL represents the head loss in the pipe, L is the length of the pipe in
ft, Q is the volume of water in cfs, C is the Hazen-Williams roughness coefficient, and D
represents the diameter of the pipe in ft. The decay of any disinfectant, such as Cl, in WDN,
is the function of first-order kinetics as shown in Equation by [14]: Ct = Cie−kt, where Ct is
the concentration of Cl after a specific duration t, Ci is the initial concentration of Cl, and k
is the coefficient of decay.

3. Results and Discussion

3.1. Contaminant Spread

Contour plots of residual Cl were prepared to see the spread of contamination through
each node at the end of the design duration and well-justified results were obtained, as
shown in Figure 3. The plot obtained from JN-13 having the highest demand shows a very
limited spread of the organic material present in the contaminant, which can be compared
with the plot obtained for JN-61 having the lowest demand and shows a huge spread of the
organic matter. As of JN-61, the contaminant is seen to have traveled even upstream into
the network, making it the critical location in the pipe network. Moreover, JN-71, being at
the lowest elevation level, shows almost no spread and can be compared to JN-113, being
at the highest point in the network and showing the full spread of organic material into
the network. If the contaminant enters into a network from the highest point in elevation
in the network, the organic matter is likely to spread in the whole network making it the
most critical point. The results obtained by the contamination spread plots are justified and
validated by obtaining the bulk reaction reports from the EPANet 2.2 program shown in
Table 1. The spread percentage of 79.61 shown by the bulk reaction reports indicates that
when the contaminant enters at the extreme upstream of the WDN at JN-113, it misbalances
almost the whole network and all the downstream pipe junctions are affected.

    

Figure 3. Contour plots of contaminant spread at critical nodes shown as dot.
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Table 1. Contaminant spread percentage in the network considered entry at each node.

Critical Pipe Junctions Contamination Spread (%)

JN-13 5.01
JN-61 21.58
JN-71 3.07

JN-113 79.61

3.2. Chlorine Decay Rate

The analysis of Cl decay was performed using the trial and error method. The assumed
initial Cl concentration was set in the system and the levels of Cl were monitored for the
whole design duration of 168 h. When the level of Cl was found to be above the WHO
recommendation at the end of the analysis, the initial concentration was reduced, and the
analysis was run again till the values fell within the range. By using the values obtained
through simulation, the equation of the trend line for contamination decay at JN-113 was
found to be as shown in Figure 4 with an r2 value of 1, Ct =

11.7
e0.016t .

Figure 4. Chlorine decay pattern at each node.

The initial Cl concentration at JN-113 was found to be 11.7 mg/L. The coefficient of
determination (r2) value for the trend line shows that the data perfectly fit the equation
of the line. Similarly, the initial Cl concentrations for JN-13, JN-61, and JN-71 were found
to be 4.5 mg/L, 6.4 mg/L, and 3.2 mg/L, respectively. By studying the plots, shown in
Figure 4, it was found that the Cl decay rate follows an inverse exponential path for all
nodes although the values differ from one node to another.

4. Conclusions

Hydraulic analysis for contamination spread and chlorine decay was performed for a
WDN by injecting the contaminant at four identified critical nodes separately. The results of
contaminant intrusion analysis present that a contaminant entering at a higher level would
spread up to the locations in the network which are lower than the source of contamination.
On the other hand, if the contaminant enters the lowest point in the network, it will remain
limited to that point and not likely to contaminate the whole system. Also, it was observed
that contaminant spread was more at the nodes having lower base demands and such
nodes showed more spread of the contaminant. Moreover, it was found that the critical
points in the network, responsible for higher contamination spread, need higher initial
chlorine concentrations. The chlorine decay rates were found to be the same for all the
critical points and the decay rate follows an inverse exponential relation relating to the
time. The critical points in a water supply network mentioned in this research can be
monitored regularly for any damage or irregularity to avoid any incident of contaminant
intrusion. Also, the quality of chlorine to be added to the water can be regularized by using
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the results of this research. This research can be very useful for the management, planning,
and maintenance of water distribution networks.
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Abstract: Rubber is a waste product produced by the industrial sector in large quantities. Due to its
non-degradable nature, it has been a serious threat to the environment. Thus, it is recommended to
develop concrete or mortar containing rubber, so that it can save our environment, and it is economical
too. Crumb rubber, when incorporated in mortar, reduces its strength, so it can be used along with
some fibers to enhance its strength. This study examined the effect of elevated temperatures, i.e.,
150, 300, 450, 600, and 750 ◦C, on mortar samples containing 5% crumb rubber replacement of
fine aggregate by volume, and with the incorporation of 1% PPF. The findings indicated a rise in
compressive strength up to 300 ◦C, followed by a subsequent decline. It was also observed that the
weight loss of the samples increased with an increase in temperature.

Keywords: muffle furnace; polypropylene fibers (PP fibers); compressive strength; elevated temperature

1. Introduction

Advancements in infrastructure have led to increased waste production from demol-
ished structures and increasing population, including plastic and rubber tires [1]. These
materials persist in the environment, causing environmental issues [2]. Tire reclamation
is a major problem, with stockpiled scrap rubber tires posing fire hazards and potential
breeding grounds for pests [3]. Alternative uses include fueling cement production, produc-
ing carbon-black in asphalt, or aggregates in cementitious composites. Replacing natural
aggregates in cementitious composites with waste rubber tires could prevent environmental
pollution and make it economically feasible [1]. However, CR’s hydrophobic nature and
surface sleekness cause weak matrix bonding [4–6]. Pre-treatment chemicals like lime,
NaOH, and detergents can resolve this issue [7].

Researchers have studied cementitious materials incorporating recycled rubber tires
(RRA) at elevated temperatures, finding reduced compressive and tensile strength. How-
ever, rubberized concrete remained strong at 200 ◦C and 400 ◦C [8–10]. Polypropylene
fibers improve cement matrix mechanical traits after fire and exposure to extreme tempera-
tures. They enhance the flexural strength and crack resistance but have a lower flexural
strength and crack resistance than regular mortar [11–13].

There are no studies currently available that incorporate both crumb rubber and
polypropylene fibers subjected to elevated temperatures. In this study, the behavior of pre-
treated crumb rubber and PP-fiber-incorporated mortar subjected to elevated temperatures
is assessed. Various proportions of crumb rubber have been employed as a replacement for
fine aggregate and PP fibers are introduced in addition to the mortar. The main objective of
this study is to use different pre-treatment methods and to find the optimum percentages.
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The optimum PPFs are also checked. The collective effect of both optimal conditions is
examined on the mechanical properties of the mortar specimens.

2. Research Methodology

Specimens underwent a 28-day curing period at room temperature and were tested
for resistance to elevated temperatures (150 ◦C, 300 ◦C, 450 ◦C, 600 ◦C, and 750 ◦C) as
shown in Figure 1. Samples were placed in a muffle furnace after 28 days of curing. The
temperature increased at a rate of 5 ◦C/min and remained at the desired temperature for
30 min. The furnace then cooled down naturally.

(a) 
 

(b) 
 

(c)  

Figure 1. (a) Samples placed in a muffle furnace, (b) samples after heating at excessive temperature,
and (c) samples after being taken out from the muffle furnace.

Mix Design

This study employed a mix design of 1:2.75 (cement to aggregate ratio) as per ASTM
C39 shown in Table 1. Cubes with dimensions of 50 mm × 50 mm × 50 mm were prepared
for the samples. To enhance compressive strength, 5% lime-treated crumb rubber replace-
ment and 1% PP fibers were added. Crumb rubber replacement was performed by volume,
and the optimum concentration of treated lime with PP fibers is referred to as PPFL.

Table 1. Mix design for the PPFL samples.

Samples Mix Ratio Cement (g) Sand (g) W/C ratio Water (g) CR (mL) PPF (g)

PPFL (Compression) 1:2.75 500 1306.25 0.48 240 50 7.158

3. Experimental Procedures

3.1. Treatment of CR with Lime, NaOH, and Water

Crumb rubber underwent pre-treatments to enhance its mechanical properties. For
lime treatment, a 10% lime solution was used, and the crumb rubber was immersed in it
for 24 h. It was then washed and sun-dried. NaOH treatment involved dipping the crumb
rubber in a 10% NaOH solution for 24 h, followed by washing and sun-drying. Water
treatment included boiling the crumb rubber for 24 h, after which it was dried.

3.2. Polypropylene Fibers (PP Fibers)

PP fibers were added to balance out the reduction in mechanical properties, and the
inclusion of PP fibers increased the strength.

3.3. Compressive Strength and Weight Loss

To calculate the weight loss, the initial weight of the samples was recorded after a
28-day curing period. The final weight was measured after subjecting the samples to
elevated temperatures and collecting them from the oven. The formula for weight loss is

Weight loss =
initial wt. − f inal wt.

initial wt.
× 100 (1)
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4. Results

Weight Loss and Compressive Strength

Table 2 illustrates that weight loss increases with higher muffle furnace temperatures,
indicating sample crack development and disintegration. The highest weight loss of 8.97%
is observed at 750 ◦C, while the lowest is 1.087% at 150 ◦C. Initially, the compressive
strength is lower at 150 ◦C, increases at 300 ◦C due to melted crumb rubber releasing
hydrostatic pressure, and then decreases again. This study’s maximum compressive
strength is 25.597 MPa at 300 ◦C, while the minimum is 5.64 MPa at 750 ◦C.

Table 2. Weight loss and compressive strength of mortar samples at elevated temperature.

Sample No Muffle Furnace Temp
Weight before
Elevated Temp

Weight after
Elevated Temp

Compression Test Weight Loss (%)

1 150 ◦C 269.93 g 266.99 g 20.56 MPa 1.08%

2 150 ◦C 271.69 g 268.69 g 19.78 MPa 1.10%

3 150 ◦C 277.15 g 274.14 g 21.08 MPa 1.08%

1 300 ◦C 279.58 g 264.64 g 24 MPa 5.34%

2 300 ◦C 276.78 g 262.45 g 25.87 MPa 5.18%

3 300 ◦C 274.03 g 259.54 g 26.92 MPa 5.28%

1 450 ◦C 269.2 g 252.69 g 16.52 MPa 6.13%

2 450 ◦C 277 g 258.95 g 17.56 MPa 6.51%

3 450 ◦C 279 g 261.16 g 18.36 MPa 6.39%

1 600 ◦C 276 g 252.18 g 13.16 MPa 8.63%

2 600 ◦C 279.76 g 255.19 g 13.32 MPa 8.78%

3 600 ◦C 278.95 g 254.46 g 12.28 MPa 8.77%

1 750 ◦C 275.93 g 259.81 g 5.6 MPa 7.84%

2 750 ◦C 276.68 g 250.28 g 4.12 MPa 9.54%

3 750 ◦C 277.62 g 251.17 g 7.2 MPa 9.53%

Figure 2a indicates the behavior of compressive strength over temperature. From
150 ◦C to 300 ◦C, the compressive strength increases, but after increasing the temperature
further, it decreases gradually. This shows that the compressive strength is ideal at 300 ◦C.
Figure 2b shows that in the initial stage of increasing temperature, there is a sharp increase
in weight loss, but further temperature increases have a small impact on weight loss. By
increasing the temperature from 150 ◦C to 300 ◦C, the weight loss rises to 5%, but a further
increase of 150 ◦C causes a 1–2% weight loss.

(a)  (b)  

Figure 2. (a) Compressive strength values at elevated temperature. (b) Weight loss at elevated
temperature.
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5. Conclusions

This study concludes that

• Among the four treatments, lime treatment was found to be most effective, while
water treatment yielded the worst results.

• The optimum percentage of crumb rubber replacement was found to be 5%, while the
optimal PPF addition percentage was 1%.

• Rubberized-polypropylene-fiber-reinforced mortar can be exposed to temperatures up
to 300 ◦C because, after this temperature, the compressive strength started decreasing.

• Initially, the strength increased from 150 to 300 ◦C. This may be due to the melting of
CR, which may act as a paste. Also, with increasing temperature, hydrostatic pressure
is generated, which acts against the load.

• The higher the temperature to which the sample is exposed, the greater the weight loss.
• The substitution of sand with CR had a significant impact on compressive strength,

with a decrease observed as the proportion of CR increased. The results obtained
in this study conclude that rubberized-polypropylene-fiber-reinforced mortar can be
used in false facades, interior construction, road barriers, sideways, crash barriers
around bridges, etc.

6. Recommendations

This study is inadequate to comprehend the actions of rubber-based cement com-
posites and fiber-infused cementitious composites at high temperatures in a systematic
manner. Further investigation is required to examine the mechanism and impact of the two
additional fibers in the process.
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Abstract: The study aims to increase the efficiency of mortar mixes and improve their necessary
qualities such as strength, density, and durability by using wastepaper as a cement substitute in
the form of wastepaper sludge ash (WPSA). Mortars with 20, 25, and 30% cement replacement
were tested. Due to less use of cement and greater usage of WPSA, CO2 and SO2 emissions can be
reduced. The chemical properties of WPSA were compared to those of Ordinary Portland Cement
(OPC). Testing showed that WPSA had similar cementitious properties. Results demonstrate the
potential applications of this mortar in a variety of settings where increased toughness and equivalent
characteristics are needed while still preserving the environment.

Keywords: wastepaper sludge ash; mortar; density; water absorption; acid attack

1. Introduction

The global population rapidly increases with time, which puts increased pressure
on urban construction including residential, commercial, and industrial buildings. This
has led to an increase in the need for cement use worldwide [1,2]. One of the most
versatile fundamental construction materials is cement [3,4]. However, the cement sector
is characterized by significant levels of energy consumption [5,6] and greenhouse gas
emissions [7,8]. Around the globe, the cement industry emits roughly 7% of carbon dioxide
(CO2) [8,9]. Therefore, in order to lessen this influence on the environment, it is necessary to
investigate a viable cement substitute [10]. Reusing waste materials rather than disposing
of them in landfills is a practical and affordable solution to these problems [11,12]. Paper
recycling industries produce wastes called wastepaper sludge and wastepaper sludge ash
(WPSA). The chemical composition of WPSA varies; it usually includes lime (CaO), silica
(SiO2), and alumina (Al2O3) and can be used as a supplemental cementitious material
(SCM) [13]. The primary objective of this research is to develop a green technology material.
WPSA has been used in concrete, bricks, and in studies instead of mortar. Our goal is to
develop an eco-friendly and effective mortar for construction purposes. Mortar is also used
to repair joints and cracks. By replacing 25% of cement with WPSA in mortar mixes we can
obtain such efficient mortar.

2. Materials and Methods

2.1. Materials

A proportional mixture of Ordinary Portland cement (OPC) and wastepaper sludge
ash (WPSA) was used as a cementitious material. Wastepaper sludge was collected from
private schools and universities of Abbottabad. It was dried in the sun for 12 to 15 days
and then burnt in an electric furnace at 750 ◦C for 2 h to make ash. The composition of the
WPSA, analyzed via X-Ray Fluorescence (XRF), is presented in Table 1. It consists primarily
of calcium and can serve as a binding material.
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Table 1. Chemical/elemental composition of WPSA.

Empirical Formula WPSA (%)

Ca 75.37
Si 17.096
S 4.397

Fe 1.994
K 0.428
Ti 0.263
Sr 0.184
Zn 0.114
Cu 0.072
Mn 0.049
Zr 0.027
V 0.007

2.2. Methods

Mortar mix ratios for ‘MC’ samples for each ratio were prepared according to ASTM-
C109 by partially replacing 0, 20, 25, and 30% of cement with WPSA by weight. The
sand-to-binder ratio was taken as 1:2.75 and the water-to-cement ratio used for mixing was
restricted to 0.48. Weights and proportioning data are shown in Table 2.

Table 2. Mix proportion of WPSA, cement, sand, and water.

Name Cement Sand WPSA Water

MC-0 500 g 1375 g 0 g 242 g
MC-20 400 g 1375 g 100 g 242 g
MC-25 375 g 1375 g 125 g 242 g
MC-30 350 g 1375 g 150 g 242 g

3. Results

3.1. Flowability

The study conducted showed that when the percentage of WPSA increased, the
workability of the mortar decreased. Figure 1 displays the results of this research.
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Figure 1. Flow/workability of 0, 20, 25, 30% WPSA mortar mix.

3.2. Compressive Strength

Mortar cubes with 25% WPSA exhibited favourable compressive strengths of 19.1
(CTM) and 18 MPa (RH). In comparison, the cubes with 20% and 30% WPSA replacements
showed lower compressive strengths as shown in Figure 2. Therefore, replacing 25% of
cement with WPSA results in a mixture that can be used for environmentally friendly
construction purposes.
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Figure 2. Compressive strength results (CTM and RH).
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3.3. Ultrasonic Pulse Velocity

The test was conducted according to ASTM C597-02. The UPV results for WPSA
replaced samples are shown in Figure 3. These results suggest that the 25% WPSA sample
had higher velocity, indicating the most uniform mass, and similar quality.
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Figure 3. Ultrasonic pulse velocity results for 150 mm long samples.

3.4. Water Absorption

The test was conducted according to ASTM C642-9. It was found that the addition
of 25% WPSA to mortar mixtures resulted a significantly lower water absorption rate
compared to other replacements, as depicted in Figure 4.
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Figure 4. Water absorption results for 0, 20, 25, 30% WPSA mortar samples.

When 25% of the cement was replaced with WPSA, it increased the volume of the
mixture and reduced internal voids, resulting in a denser mixture as given in Table 3.

Table 3. Bulk density values for WPSA mortar samples.

WPSA (%) Density (g/cm3)

0% 2.174
20% 2.18
25% 2.204
30% 2.065

3.5. Acid Attack (HCL)

In this study, HCL with a pH value of 3.01 was used to test the durability of the
mortar samples. The results of the acid durability test showed that the acid resistance of the
WPSA samples slightly decreased as the WPSA content increased. The results are shown in
Figure 5.

7.5 8.08 8.21 8.36

0
3
6
9

0% 20% 25% 30%

St
re

ng
th

 
Lo

ss
 (%

)

WPSA %

Figure 5. Loss of strength (%) in WPSA mortar samples.

4. Conclusions

1. The chemical properties of WPSA showed similar behaviour to that of cement. A high
calcium content in the WPSA results in good quality and characteristics of the mortar.

2. Replacement of 25% WPSA with cement showed favourable ultimate compressive
strength and reduced water absorption by approximately 60%.
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3. The technique developed in this study can be used in runoff structures, sewage pipes,
canal surfaces, and wall plastering.
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Abstract: This study investigates the use of waste polyethylene terephthalate (PET) bottle strips for
soil stabilization in the Potohar region. Uncontrolled filling during housing societies development
has led to settlement issues and structural cracking. By incorporating PET bottle strips in varying
compositions, the engineering properties of the soil were improved, including increased maximum
dry density, bearing capacity, and unconfined compression strength. This research paper offers an
innovative technique to mitigate settlement problems and presents an eco-friendly waste management
solution for sustainable development.

Keywords: bearing capacity; maximum dry density; PET bottle strips; plate load test

1. Introduction

Recently soil stabization using polymers or waste materials such as polythene bags
and waste plastic bottles are being explored by various researchers. A recent stud assesses
the potential of cement kiln dust and plastic strips to enhance the properties of clayey
soil. The inclusion of CKD increases the maximum dry density (MDD) of dune sand. An
increase of 34% was achieved by mixing CKD [1,2]. An evaluation of waste marble dust
has been carried out and reported to produce a considerable improvement in the physical
properties of soil [3]. The plastic strips were of varying lengths (1 cm, 2 cm, and 3 cm) and
different proportions of 0.2%, 0.5%, and 0.8%; an optimal improvement in the dry weight
of soil was achieved with 2 cm plastic strips at 0.8% of the dry weight of the soil [4]. The
fiber-reinforced soil improved the strength and engineering properties of the soil; the best
percentage the plastic fiber achieved was 0–5%, there was an increased CBR value, and
a reduction in the settlement of the dimensions, showing a higher aspect ratio to obtain
better results [5]. The plastic strips were cut into different sizes, with lengths ranging from
12 mm to 21 mm and widths of 3 mm and 6 mm. Different concentration of PET content
(0%, 0.4%, 0.6%, 0.8%, and 1% by soil weight) were incorporated. The highest unconfined
compressive strength (UCS) was the one containing 0.8% PET strips with a width of 3 mm
and a length of 18 mm; they achieved an optimum UCS 2.17 time compared to raw soil [6].
The liquefaction susceptibility of PET fiber-reinforced fine sand has been presented on the
basis of results obtained through a series of cyclic triaxial tests. The number of cycles was
four to reach liquefaction compared to unreinforced sand at a composition of 0.6% PET
plastic fiber [7].

2. Materials and Methods Section

2.1. Sieve Analysis and Atterberg’s Limit Test

The sieve analysis test was performed in accordance with ASTM D-6913. A 250 g soil
sample was taken and washed through a sieve with a mesh size of 0.075 mm. After drying
the sample for 24 h, the sample retained on sieve no. 200 was passed through a series of
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sieves in descending order, ranging from 4.75 mm to 0.075 mm. The Atterberg’s limits tests
were performed in accordance with ASTM D-4318. The liquid limit and plastic limit tests
were performed on raw soil and composite samples with plastic strips contents of 0.4%,
0.7%, and 1.0%.

2.2. Standard Proctor and Plate Load Test

The standard proctor tests were performed following ASTM D-698. The soil sample
was compacted in a 4′′ diameter mold in three equal layers. Each layer was compacted by
applying 25 blows with a hammer of 5.5 lb weight. The plate load tests were performed
as per ASTM D-1194. A pit was excavated with dimensions of 2.50′ × 2.50′ × 2.0′ feet.
The tests were performed on loosely filled soil, partially compacted soil, well-compacted
pure soils, and well-compacted composite soils with plastic strips content of 0.4%, 0.7%,
and 1.0%.

3. Research Methodology

Plastic bottles were collected from the disposal point. The head and tail of the bottles
were cut, and a tool was used to convert the bottles into spirals. These spirals were then
further cut into final strips of different sizes. The PET bottles were cut into strips of
3 × 6 mm, 3 × 9 mm, and 3 × 18 mm composition at 0.4%, 0.7%, and 1.0%. The stepwise
procedure for cutting the waste plastic bottles into strips is presented in Figure 1.

Figure 1. Waste PET bottle strip process: (a) strip cutting tool; (b) PET spiral; (c) plastic strips sizes.

4. Results and Discussion

4.1. Sieve Analysis Test and Index Properties

The soil sample was collected locally followed by evaluation of the index and physical
properties of the raw soil as shown in Table 1. The soil was classified according to the
Unified Soil Classification System (USCS) as CL-ML, belonging to the Silty Clay group. The
gradation curve of the back fill material is shown in Figure 2.

Figure 2. Gradation curve of back fill material.
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Table 1. Properties of raw soil.

Test Description Result Test Description Result

Specific gravity 2.76 Liquid limit 24.08%

OMC 14.50% In situ Density 78.03 lb/ft3

Natural moisture
content 15–21% MDD 110.48 lb/ft2

Plastic limit 19.08% UCS 983.1 lb/ft2

4.2. Standard Proctor and Plate Load Test

The maximum dry density of the raw soil sample was measured as 110.48 lb/ft3, while
the optimum moisture content was found to be 15%. These values are depicted in Figure 3.
The plate load test was conducted to determine the bearing capacity of the soil in different
conditions: loose soil, partially compacted soil, and well-compacted soil after adding PET
bottle strips at compositions of 0.4%, 0.7%, and 1.0% by weight. The stress settlement curve
of loose soil is shown in Figure 4. The results showed that the bearing capacity increased
with the addition of plastic strips up to a composition of 0.7%, as shown in Figure 5.

Figure 3. Moisture density curve.

Figure 4. Stress settlement loose soil.
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Figure 5. Effect of percentage PET bottle strips on bearing capacity.

5. Conclusions

The current study aimed to improve the bearing capacity of loosely filled fine-grained
soils, hence reducing post-construction settlement. The uncontrolled filling comprised the
silty clay group (CL-ML), as classified according to the Unified Soil Classification System
(USCS). The following conclusions have been drawn following the laboratory and field
investigation.

• The in situ density of the soil was 78.03 lb/ft3, and the bearing capacity of the loose
soil was 0.38 ton/ft2.

• The dry density of well-compacted soil without any strips was found to be 94.88 lb/ft3,
and the corresponding bearing capacity was determined to be 1.55 ton/ft2.

• The dry density of well-compacted soil with a 0.7% strip content was found to
be 106.11 lb/ft3, while the corresponding bearing capacity was determined to be
1.63 ton/ft2.

• The maximum improvement in the bearing capacity of soil was observed as 328%
compared to loosely filled soil in the field.

PET bottle strips are effective for soil stabilization and improving the engineering
properties of soil. Utilizing PET bottle waste materials for soil stabilization is not only
environmentally friendly but also economically viable.
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Abstract: Buildings’ contribution to global final energy use is about 30%, which makes them a pri-
mary focus for implementing energy-efficient measures. Building energy efficiency is an important
consideration for residential buildings due to the significant environmental impact of energy con-
sumption and the rising cost of energy. Estimating and optimizing a building’s energy performance
is an efficient method to reduce its environmental impact and cost. There exists a lack of accuracy in
estimating the energy performance of a building due to approximations in the monitored data as well
as a lack of consideration for occupants’ energy use behavior. This study aimed to develop a compre-
hensive framework that assists in accurately estimating building energy performance considering
occupants’ energy use behavior. The framework proposed a scheme to collect occupant behavior
data, such as occupancy patterns, appliance usage, and lighting conditions, through a living-lab setup
and developing an occupants’ behavior model that was utilized for more accurate building energy
modeling and performance analysis.

Keywords: building energy performance; occupants behavior modeling; living-lab concept

1. Introduction

Buildings’ contribution to global final energy use is about 30%, which makes them
a primary focus for implementing energy-efficient measures [1]. A significant portion of
this energy is wasted due to inappropriate building envelope design and construction.
Building energy performance measurements can serve as a basis for building owners to
make informed decisions for enhancing building energy efficiency. There is a growing
concern in the building industry about the gap between the projected energy performance
and the actual energy performance of buildings [2]. Bridging this performance gap is
crucial in achieving the goal of reducing energy demand and enhancing building energy
efficiency. The difference between the predicted and actual energy performance is due to
approximations in the data as well as a lack of consideration for occupants’ energy use
behavior [3]. Therefore, a comprehensive energy performance measurement framework
can help to effectively assess and quantify the building’s energy efficiency.

The term occupant’s behavior refers to the actions and responses exhibited by individ-
uals within the building related to energy use and comfort, which are influenced by factors
that include climate, building envelope, building energy and services systems, indoor and
outdoor environments, time of the day, occupants’ age and gender, and physiological,
psychological, social, and economic factors [4].
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2. Literature Review

To address the complex nature of occupant behavior and its impact on building energy
consumption, Sun and Hong [5] proposed a framework for quantifying the influence of
occupants’ behavior on the energy savings achieved through energy conservation measures.
Meanwhile, Wang et al. presented quantitative energy performance assessment methods
specifically tailored for existing buildings, considering occupants’ behavior and all other
relevant factors to evaluate the buildings’ energy efficiency [6]. Furthermore, Balvedi et al. [7]
conducted a comprehensive review of various approaches and strategies available for gath-
ering data on occupant behavior. They explored how these methods can be integrated into
building energy simulation tools by incorporating occupant behavior models. It is widely
observed that incorporating actual data for occupant behavior in energy analysis yields more
accurate results as compared to energy simulations run without considering it [8].

The International Energy Agency identified six parameters that affect energy use in
buildings. These parameters include climate, building envelope, building energy and
services systems, indoor design criteria, building operation and maintenance, and occupant
behavior. Each of these parameters plays a critical role in determining the energy efficiency
of residential buildings and strategies for improving energy efficiency must consider each
of these factors [9]. In addition, Chen et al. [10] in their study emphasized the need for
a holistic approach to measuring the energy performance of residential buildings that
considers all relevant factors and their potential impacts on energy consumption.

Laaroussi et al. [11] in their study identified the major issues and key drivers affecting
occupants’ behavior through an evaluation of existing approaches and methods for occu-
pant behavior analysis. Furthermore, this study proposed and developed different methods
to assess and predict the energy use behavior of occupants with better accuracy where
conventional techniques such as structured and unstructured interviews, questionnaires,
etc., prove to be inadequate. The study also emphasized integrating energy feedback
programs into the building energy performance processes.

Incorporating an occupants’ behavior model in the framework provides a more realis-
tic evaluation of energy consumption patterns and assists in providing valuable insights
into the factors affecting the energy performance of residential houses. Chen et al. [12]
reviewed the impacts of occupant behavior on building energy consumption and estab-
lished that the actual occupancy and the interactions with buildings are the key influencing
factors determining the building energy consumption.

3. Methodology

This research study proposed a framework to measure the energy performance of residen-
tial buildings that incorporates occupants’ energy use behavior with the purpose of accurately
quantifying the impact of occupants’ behavior on energy consumption in residential houses.
The framework consists of three steps. (1) energy audit and data collection; (2) occupant
behavior modeling; and (3) building energy modeling and performance analysis.

3.1. Energy Audit and Data Collection

The energy audit and data collection step begins with an assessment of the residential
buildings, identifying the key influencing factors that affect energy consumption in residen-
tial buildings. For the energy audit and data collection, a hybrid method can be adopted
that involves surveys, interviews, and on-site measurements using instruments to identify
energy consumption and building envelope parameters in residential buildings, and in-
stallation of sensors for real-time monitoring of thermal properties of a building, indoor
and outdoor environmental parameters, and occupants’ energy use behavior through the
living-lab concept [13].
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The living-lab concept is a research methodology that focuses on the needs of end-
users and stakeholders in the development of complex solutions. It involves creating a
real-life test environment to sense, prototype, validate, and refine innovative solutions that
address specific challenges [14].

3.2. Occupant Behavior Modeling

Occupant behavior modeling plays an essential role in understanding and predicting
the energy consumption patterns of the occupants in a residential building. In a post-
occupancy evaluation analysis [15], it was observed that occupant behaviors, including
dissimilar presence at home, diverse occupancy levels, and differences in the occupants’
thermal preferences play key roles in actual energy consumptions. Occupant behavior
modeling involves developing mathematical models that incorporate various factors such
as occupancy, interactions with the building systems, and occupants’ preferences. The
data collected in the energy audit and data collection step can be used to develop the
mathematical model. Occupants’ behavior is complex and diversified and has a stochastic
nature rather than a deterministic one [16]. Therefore, stochastic occupant behavior model
can be developed to capture the complex and diversified energy use behavior of occupants
and generate synthetic occupancy schedules and occupants’ energy use patterns with
more precision over time. Such a model can be used to generate occupancy schedules and
occupants’ energy use patterns by simulating and predicting future states based on the
current state and transition probabilities which can then be incorporated into the building
energy simulation tools.

3.3. Building Energy Modeling and Performance Analysis

Building energy modeling and performance analysis begins with the development of
a detailed energy model of the residential building, considering its physical characteristics,
such as building geometry and orientation, building materials, insulation, HVAC systems,
lighting, and appliances, using the data obtained from the energy audit and data collection.
The real energy consumption data and the occupants’ energy use behavior data such as
occupancy schedules and occupants’ energy use patterns can be incorporated into the
energy model of the residential building. An energy simulation tool can then be used to
simulate the energy performance of a residential building, with energy use intensity (EUI)
serving as a metric to measure its energy consumption.

4. Building Energy Performance Measurement Framework

The framework depicted in Figure 1 comprises three main steps. The first step, energy
audit and data collection, shall be carried out by collecting data related to building energy
consumption and energy use; this includes; the data related to building envelope compo-
nents and parameters such as building orientation, walls, roofing system, windows and
glazing, doors, foundation and basement, exterior cladding, roof and window overhangs,
solar heat gain coefficient (SHGC), insulation, R-Value and U-value, visual transmittance,
etc., and monitoring occupants’ energy use behavior through questionnaires, survey, in-
terviews, and real-time monitoring through IOT sensors and data-logging sensors. The
second step is to develop an occupant behavior model to generate synthetic occupancy
schedules and energy use patterns using the data collected through occupant behavior
monitoring. The data collected in the first and second step is then analyzed to perform
building energy modeling and performance analysis.

79



Eng. Proc. 2023, 44, 15

 

Figure 1. Building energy performance measurement framework.

5. Conclusions

This framework integrates an occupant behavior model, which can capture the com-
plex and diversified energy use behavior of occupants. Therefore, this framework facilitates
more accurate measurements of energy performance based on real-time data of the occu-
pants’ behavior and can enable the evaluation of different energy-saving strategies and the
development of more efficient building designs customized to the occupant’s behavior.
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Abstract: Geopolymer concrete (GPC) has been the subject of ongoing research as a suitable substitute
for conventional concrete production because of its benefits for the environment. However, there
is little research regarding retrofitting the structural part if a GPC member fails. The current study
thus concentrates on the damaged GPC structural members/columns. For this purpose, twelve
columns which include four CC columns, four GPC Columns, and four FRGPC columns, were
retrofitted with CFRP sheets and tested in the electrohydraulic testing apparatus (5000 kN). The
results showed significant improvement in the ultimate load value of all 12 columns. Axial strain in
all 12 columns also increased significantly. The ductility index of the columns was also calculated
using axial strain values. The axial load–displacement behavior, ductility, and loading capacity of the
evaluated columns are all significantly improved by the addition of steel fibers.

Keywords: carbon fiber reinforced polymer (CFRP); eccentricity; fiber reinforced geopolymer concrete
(FRGPC); geopolymer concrete (GPC)

1. Introduction

Geopolymer concrete (GPC) has evolved as a new option that may completely elim-
inate the need for cement while promoting the efficient use of waste materials. How-
ever, if a GPC structural member fails, there is little study about the retrofitting of that
member. Therefore, the present study focuses on the damaged GPC structural columns.
Fiber-reinforced polymer (FRP) composites, the newest modern composite materials, have
recently surpassed conventional retrofitting techniques in demand. FRP jackets are the
ideal material because of their high rigidity and high strength-to-weight ratio. As a result,
FRP has seen significant application in retrofitting.

Numerous tests and theoretical analyses have clearly proved that wrapping FRP
composites around columns is a very successful approach. Yang et al. investigated the
eccentric compression loading of rectangular high-strength concrete columns restricted
with carbon fiber-reinforced polymer (CFRP) [1]. Zeng et al. investigated the cyclic
axial compression behavior of FRP spiral strip-confined concrete [2]. Askandar et al.
examined the behavior of RC beams reinforced with FRP strips under the combined action
of torsion and bending [3]. For FRP spiral strip-confined concrete, Liao et al. researched
the stress–strain behavior and design-oriented model [4]. The partially FRP strengthening
approach is a viable option, particularly for columns that require moderate increases in
strength and deformation capacity [5].

In light of the previously mentioned, the purpose of this research is to explore the axial
compressive behavior of partially FRP confined Fiber Reinforced Geopolymer Concrete
(FRGC). The current investigation involved the retrofitting and testing of 12 columns
using CFRP.
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2. Experimental Procedure

A total of 12 columns with cross-sections of 200 mm square and heights of 1000 mm
were examined in the present study. Six deformed 12 mm diameter bars were used to
brace the columns longitudinally. In all instances, transverse reinforcement was supplied
as closed ties of diameter 6 mm bars spaced 100 mm from centers. Deformed steel with
a yield strength of 300 MPa for D6 (6 mm) bars and 450 MPa for D12 (12 mm) bars was
employed. CFRP wrapping of the columns was carried out using a unique pattern, as
shown in Figure 1a. The results are compared between CC columns and GPC columns. In
order to evaluate the columns, two loading scenarios were used, concentric loading and
eccentric loading with varying eccentricities (eccentricity e = 15, 35, and 50 mm). Sample
details are given in Table 1.

   
(a) (b) 

Figure 1. (a) Load mechanism for CFRP columns; (b) ultimate load of CC and GPC columns.

Table 1. Mix proportion and material quantities of mixes [6].

Sr. No. Group ID Specimen ID
Mix Proportion Mix Quantities (kg/m3)

OPC FA SG Sand CA OPC FA SG NaOH Na2SiO3 SP Water

1 CC

C-0F-0Ecc 100% - - 640 1201 370 - - 53 107 4 170
C-0F-15Ecc 100% - - 643 1206 370 - - 53 107 4 170
C-0F-35Ecc 100% - - 640 1201 370 - - 53 107 4 170
C-0F-50Ecc 100% - - 643 1206 370 - - 53 107 4 170

2 GPC

GPC-0F-0Ecc - 50% 50% 643 1206 - 200 200 53 107 8 -
GPC-0F-15Ecc - 50% 50% 643 1206 - 200 200 53 107 8 -
GPC-0F-35Ecc - 50% 50% 646 1212 - 200 200 53 107 8 -
GPC-0F-50Ecc - 50% 50% 643 1206 - 200 200 53 107 8 -

GPC-0.75F-0Ecc - 50% 50% 643 1206 - 200 200 53 107 12 -
GPC-0.75F-15Ecc - 50% 50% 644 1208 - 200 200 53 107 12 -
GPC-0.75F-35Ecc - 50% 50% 643 1206 - 200 200 53 107 12 -
GPC-0.75F-50Ecc - 50% 50% 647 1214 - 200 200 53 107 12 -

2.1. Preparation of Specimen

Firstly, the repairing of the specimens is carried out using geopolymer mortar having
50% fly ash and 50% slag as a binder. The specimens were then dried in atmospheric
conditions for 28 days. Secondly, retrofitting of the specimens was carried out using CFRP
sheets 3 mm thick having a width of 82 mm. A total of four CFRP sheets were used for
wrapping each specimen, two clockwise and two anti-clockwise, at an angle of 20◦. The
CFRP should be placed firmly against the GPC and CC surface in order to make good
contact and remove any air pockets between it and the concrete surface.
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2.2. Testing

At 28 days, unidirectional axial loading was given to each specimen. A 5000 kN
capacity electrohydraulic testing equipment was used to apply the loading. Under dis-
placement control conditions, the columns were tested to the point of failure. The load
was applied at regular 1 mm/s intervals. For the concentrically loaded columns, a similar
system was employed, but there was no loading pin. In order to prevent columns from
failing prematurely due to overstressing, steel collars of thickness 3.2 mm having a width of
76 mm were attached at both ends of each column prior to testing. On the top and bottom
sides of the columns, a thin coating of Plaster of Paris was also used to provide a level
surface for the test’s uniform weight distribution. A magnetic Linear Variable Differential
Transformer (LVDT) of 20 mm capacity and 0.001 mm accuracy was vertically aligned with
the base plate of the machine to measure the axial deformation in the specimen.

3. Research Methodology

First, the surface of the specimen was prepared, and any loose or broken material was
removed. Second, a geopolymer mortar with a binder made of 50% fly ash and 50% slag is
used to repair the specimens. Wrapping of CFRP strips was carried out around the column
after applying the bonding agent to the finished surface of the column, make sure the CFRP
strips were at a 20-degree angle with the column’s horizontal axis. Use a 20 mm capacity
magnetic LVDT and electrohydraulic testing apparatus (5000 kN), which can show the
structural performance and behavior of the columns. The LVDT is accurately positioned
and calibrated in order to precisely measure the vertical deflection of the column during
the test. As we gradually added force to the column until it reached its full capacity, we
set the deflection rate to 1 mm per minute. We then took the deflection data that the LVDT
computer supplied to chart the behavior of the column as the load increased. We repeated
the test until the column failed or started to distort visibly.

4. Results

The ultimate load of the specimens obtained from the experimental results is shown in
Table 2. We can clearly see that the specimens from the GPC group showed lower ultimate
load values than those from the CC group. The ultimate load of CC, GPC, and FRGPC
columns was improved from previous results. The ultimate load values after retrofitting
shows significant improvement. The fact that the ultimate load of the FRGPC column on
concentric loading is lower than the previous value is due to the rusting of steel fibers
present in the specimen. Figure 1b demonstrates how changing the value of eccentricity
in the tested specimens affects load levels. In other words, as the eccentricity of the axial
load increases, the ability of the column to carry loads decreases, which is linked to its
eccentricity. The ductility index for all specimens was also calculated.

Table 2. Columns axial strength and ductility index.

Sr. No.
Group

ID
Specimen ID

Quantity of
Fiber (%)

Eccentricity
Before

Retrofitting
Pmax (kN)

After
Retrofitting
P’max (kN)

Axial
Deformation
at P’max (mm)

Ductility
Index

1 CC

C-0F-0Ecc 0 0 945 980.498 12.741 1.01
C-0F-15Ecc 0 15 712 1366.153 13.043 1.21
C-0F-35Ecc 0 35 430 994.696 13.485 1.35
C-0F-50Ecc 0 50 330 1253.35 9.197 1.89

2 GPC

GPC-0F-0Ecc 0 0 860 844.977 14.959 1.00
GPC-0F-15Ecc 0 15 570 771.793 17.505 1.07
GPC-0F-35Ecc 0 35 335 654.541 16.241 1.01
GPC-0F-50Ecc 0 50 249 559.063 9.133 1.01

GPC-0.75F-0Ecc 75% 0 1000 801.639 11.621 1.30
GPC-0.75F-15Ecc 75% 15 720 861.009 13.741 1.24
GPC-0.75F-35Ecc 75% 35 460 657.994 17.052 1.01
GPC-0.75F-50Ecc 75% 50 340 1095.335 18.170 1.04
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5. Conclusions

The main focus of this research is to provide the proper solution for retrofitting GPC
columns. From all the above research, we can now say that CFRP wrapping of GPC
columns is a violable solution. This paper presents the results of twelve columns, including
four reference columns, four GPC columns, and four FRGC columns. All 12 columns
were wrapped with CFRP sheets in a particular manner. The ultimate strength of the CC
columns, GPC columns, and FRGPC columns was compared to a previous study due to
retrofitting. Considering the experimental and theoretical findings in this research, the
ultimate load values of CC columns, GPC columns, and FRGPC columns increased from
the values that were obtained from previous studies. The axial displacement of all the
columns also significantly improved. The ductility index of all 12 columns also increased.
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Abstract: Composite fibers are an essential component of modern concrete structures, providing
enhanced mechanical properties and durability. There are different types of fibers commonly used in
concrete such as steel, glass, carbon, polypropylene fibers, etc. Composite fibers include a combination
of two or more of these fibers. Composite fibers are discussed in detail, along with their properties
and benefits. This paper also highlights the effects of composite fibers on the various properties of
concrete, such as compressive strength, tensile strength, toughness, and durability. Furthermore,
this paper discusses some of the challenges and limitations associated with the use of composite
fibers in concrete, including issues related to fiber dispersion, fiber–matrix interactions, and cost-
effectiveness. Finally, this paper concludes with a discussion of the future directions of research
on composite fibers in concrete, focusing on potential advancements in fiber technology, improved
manufacturing techniques, and the development of new fiber–matrix systems. Overall, this paper
provides a comprehensive overview of the current state of the art in composite fibers in concrete and
serves as a valuable resource for researchers and practitioners in the field.

Keywords: fiber composites; concrete matrix; tensile strength; tensile stress; durability; mechanical
properties

1. Introduction

Due to its adaptability, toughness, and strength, concrete is the most widely used
building material worldwide. However, it is prone to cracking and failure under tensile
stress, which can result in structural damage and a shorter service life despite its many
benefits [1]. Different kinds of fibers are added into concrete to improve its mechanical
properties, such as its strength, hardness, and durability, in order to address this problem
and increase its tensile strength. Modern concrete constructions require the use of these
composite fibers, which are created from materials like steel, glass, carbon, and polypropy-
lene and enable the structures to resist significant stress and strain. The development of
fibers dates back to the Neolithic period when people used wheat straw in mud to increase
its tensile strength and employed it for various purposes. Over the past few decades, the
usage of fibers in concrete has become more widespread. For instance, steel fibers have
been utilized to reinforce concrete and lessen cracking since the 1960s [2,3]. Additionally,
the use of glass and carbon fibers has become more popular in concrete construction, which
offers good corrosion resistance and a high strength-to-weight ratio [4].

This paper provides a thorough analysis of the most recent, cutting-edge research on
composite fibers in concrete. The paper begins by outlining the many kinds of fibers that are
frequently used in concrete, along with their characteristics and advantages. The impacts
of composite fibers on different concrete parameters, including compressive strength,
tensile strength, toughness, and durability, are then examined [5]. This research also
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outlines a number of difficulties and restrictions related to the usage of composite fibers
in concrete, including issues related to fiber distribution, fiber–matrix interactions, and
cost-effectiveness [6,7]. The use of composite fibers in concrete is then illustrated with
examples from both structural and non-structural situations. Finally, the paper concludes
with a discussion of future directions in concrete composite fiber research, with a focus
on potential advances in fiber technology, improvements in manufacturing techniques,
and the development of new fiber matrix systems. Overall, the purpose of this study is to
introduce the readers to the field of fibers and their applications while also presenting a
thorough grasp of composite fibers in concrete.

2. Types of Composite Fibers in Concrete

Composite fibers are typically made by combining two or more types of fibers to
create a material that exhibits the desired properties. The utilization of fibers to enhance
the mechanical properties of concrete is quite common today [8]. By using different types
of fibers in concrete, its properties can be altered to the desired strength and durability [9].
Table 1 presents a tabular comparison between different types of composite fibers along
with their properties and composition.

Table 1. Different types of composite fibers, their properties, and their composition.

Composite Fiber Type Composition Properties

Carbon
Fiber Composite

Carbon fibers High strength-to-weight ratio,
+ excellent stiffness,

polymer matrix fatigue resistance

Glass Fiber Glass fibers Good strength + stiffness,

Composites +
low costpolymer matrix

Basalt Fiber
Composites

Basalt fibers Good tensile strength,
+

excellent resistance to heatpolymer matrix

Ceramic Fiber
Composites

Ceramic fibers Excellent thermal insulation,
+ high-temperature resistance

polymer or metal matrix

3. Mechanical Properties of Concrete

Concrete’s mechanical properties, including compressive strength, tensile strength,
toughness, and durability, can be greatly improved by the addition of composite fibers.
We present a general overview of how composite fibers affect certain characteristics. The
inclusion of fibers in the concrete matrix affects the mechanical characteristics of fiber-
reinforced concrete (FRC) [10]. Figure 1a,b presents values of compressive strength and
tensile strength for different percentages of steel polymer matrix (0–1.25%). The first batch
contains no fiber reinforcement and subsequent batches contain fibers in % increments
of 0.25%.

3.1. Compressive Strength

By improving its ability to withstand external loads, the addition of composite fibers
can increase the compressive strength of concrete. For instance, it was discovered that
steel fibers can boost concrete’s compressive strength by up to 15%, depending on the
fiber volume fraction and aspect ratio, as illustrated in Figure 1a. The bridging effect of
fibers, which slows the spread of cracks and improves material ductility, is thought to be
responsible for the increase in compressive strength [7].
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(a) (b) 

Figure 1. Mechanical properties of fiber-reinforced concrete. (a) Compressive strength. (b) Flexural
strength of composite fiber concrete.

3.2. Tensile Strength

One of the issues with concrete is its low tensile strength, and to address this issue,
fiber-reinforced concrete, a new type of concrete composite, was designed [8]. Concrete’s
tensile strength can be considerably increased by the inclusion of composite fibers, making
it less likely to crack or break under tensile stress. As seen in Figure 1b, polymer steel
composites, for instance, have been proven to increase the tensile strength of concrete by
up to 50%.

3.3. Ductility

The splitting tensile strength of fiber-reinforced concrete (FRC) is a measure of its
resistance to tensile forces applied perpendicular to the direction of the applied load. It is a
crucial factor in determining how well FRC performs overall in terms of crack resistance
across a range of applications.

3.4. Modulus of Elasticity

The modulus of elasticity, which gauges a material’s stiffness or rigidity, can be
significantly impacted by the addition of fibers to concrete. The mechanical properties of
concrete change as a result of the fibers, which act as a reinforcement within the concrete
matrix [3]. When fibers are added to concrete, the material becomes more composite by
bridging fissures and has a higher load-bearing capability.

3.5. Toughness

The ability of a material to withstand energy absorption and prevent fracture or
crack propagation is referred to as toughness. By bridging and stopping cracks that may
occur while the concrete is under load, composite fibers help to increase the concrete’s
durability [8]. Composite fibers serve as reinforcement when cracks first appear in the
concrete matrix, dispersing stress and stopping the cracks from spreading.

3.6. Durability

The ability of a substance to resist deterioration and degradation over time, particularly
when subjected to extreme environmental conditions, is referred to as durability. Concrete’s
durability is increased by composite fibers in a number of ways.

4. Challenges and Limitations of Using FRC

Composite fibers offer many advantages when used as reinforcement in concrete, but
there are also some challenges and limitations to consider. Cost is one of the main draw-
backs of employing composite fibers in concrete [5]. The compatibility of composite fibers
with the concrete matrix is another drawback. To ensure effective fiber adhesion to the ma-
trix, the characteristics of the fibers and the concrete mix must be precisely matched. Com-
posite reinforcements may be less effective and less durable due to incompatibility [5–7].
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The use of composite fibers can also provide some difficulties. Composite fibers can present
additional difficulties during the mixing procedure.

5. Future Directions in Research on Composite Fibers in Concrete

Recent years have seen a lot of interest in the use of composite fibers in concrete, and
research is still being performed to examine potential new applications and difficulties. The
use of short fibers or whiskers is both the simplest and most efficient method. It was dis-
covered that this technique considerably increases concrete’s tensile strength and decreases
tensile cracking. To create new varieties of composite fibers with enhanced characteristics
and performance compared to existing materials, research is currently being conducted.
Advanced manufacturing techniques such as 3D printing and automated fiber placement en-
able composite fibers to be more accurately and efficiently incorporated into concrete [2–4].
These techniques can also be used to tailor the orientation and distribution of fibers within
concrete, which can improve the overall performance of composite reinforcements.

6. Conclusions

Finally, this conference paper on composite fibers will offer insightful information
about the wide variety of composite fibers and their uses. This article presents a comparative
analysis of the various fiber types, including carbon fiber, glass fiber, steel fiber, natural fiber,
basalt fiber, and ceramic fiber. A high strength-to-weight ratio, stiffness, fatigue resistance,
impact resistance, heat resistance, affordability, a renewable nature, and biodegradability
are just a few of the special advantages that each type of fiber provides. This paper’s
objective is to present a thorough overview of the various aspects of CFRPs, including
their structural and durability properties, ongoing research into their use as reinforcing
materials for concrete structures, and the application of FRP sheets in the rehabilitation of
deteriorated concrete structures. Though they have not been thoroughly examined, topics
pertaining to the production of FRP composites and design processes have been included
for informational and comprehensive purposes.
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Abstract: This research focused on creating sustainable geopolymer mortar using waste materials
such as corn cob ash (CCA) and bauxite. The CCA was obtained by burning corn cobs in an open
environment and then further treated at 600 ◦C to remove carbon impurities. The resulting ash was
ground to improve reactivity and used as a binder. Sodium silicate was used as an activator for
geopolymerization. The geopolymer was prepared by combining the binder with fine aggregate,
ground bauxite, and CCA in different proportions. The curing process involved heating the samples
at 70 ◦C for 24 h followed by ambient temperature curing. Compression testing was conducted
at 7, 14, and 28 days to assess the strength and durability of the geopolymer mortar. Testing was
performed according to ASTM standards.

Keywords: geopolymer; corn cob ash; bauxite; construction; materials

1. Introduction

Concrete is the most used building material all around the world. Concrete is a
composite material composed of fine and coarse aggregate bonded together with cement.
Many researchers have tried to reduce the harmful environmental effects of cement by
replacing it with supplementary cementations materials such as rice rusk ash, fly ash,
ground granulated blast furnace slag, and corn cob ash (CCA) [1]. Pakistan produced
almost 7.9 million tons of corn from 2021–2022 and this production is increasing every year
at a rate of 4.97% [2]. One possible way of utilizing CCA is its use as secondary cementitious
material (SCM). Studies have shown that CCA possesses all the properties which would
make it suitable to be used as an SCM [3]. Bauxite is a naturally occurring rock which is
rich in alumina. It is found in abundance in the Kotli AJK region. The purpose of using
bauxite with CCA in this research is that it will not cause any sudden depletion of natural
resources as no other industry utilizes it and it is considered waste. It is easily mineable as
it is soft rock and contains 45–50% Al2O3, not more than 20% Fe2O3, and 3–5% Silica [4].

This research will be limited to only the synthesis of one-part geopolymer mortar (GM).
Different mass ratios of CCA and bauxite will be used to find the optimum combination of
CCA and bauxite that can be adopted for preparation of a high-strength geopolymer. The
research aims to contribute to sustainable construction practices and explore the potential
of agricultural waste materials in geopolymer technology.

2. Research Methodology

The research was conducted as per the following procedures and details:

2.1. Materials Preparation

Corn cob was burnt in an open environment before burning in a controlled environ-
ment at 600 ◦C for 2 h. The obtained ash was crushed in a jar mill and then passed through
sieve No. 200. Bauxite was jar milled and passed through sieve No. 200.
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2.2. Mortar Preparation

Mix design for GM is shown in Table 1 below:

Table 1. Mix design for GM.

Material Percentage by Weight (%)

CCA 10, 20, 30 percent weight of binder
Bauxite 90, 80, 70 percent weight of binder

Sand 50
Activator (Sodium Silicate) 10% the weight of binder

Water-to-Binder Ratio 0.3
Super Plasticizer 2% the weight of binder

Cubes were cast for different tests according to mix design.

2.3. Curing

Curing was conducted at the high temperature of 70 ◦C in an oven for 7, 14, and
28 days.

2.4. Tests

Sieve analysis was conducted on fine aggregates (ASTM C136-05) [5]. Temperatures
of mortar mixes were checked (ASTM C1064) [6]. Initial setting time of GM was noted
through Vicat needle apparatus in accordance with ASTM Standard C191 [7]. Slump test
was conducted on all the cubes of GM (ASTM C143) [8]. Compressive strength test was
performed to check the compressive strength of GM in a universal testing machine (UTM)
(ASTM C109) [9]. Cubes were observed for appearance of cracks.

3. Results

3.1. Sieve Analysis of Fine Aggregates

The sand was obtained from Lawrencepur quarry. Sieve analysis was conducted to
determine the fineness modulus of the sand. Equation (1) was used to find the fineness
modulus. Fineness modulus helps in determining the particle size of sand. It affects the
mechanical properties of the GM. The sieves were arranged in the following way according
to their openings per linear inch: 4, 8, 16, 30, 50, 100, Pan.

The fineness modulus is given by:

Fineness Modulus =
Σ Percent cumulative retained on sieve upto 160 micro meter

100
(1)

The fineness modulus was calculated as 2.54, which was within limits. Fineness
modulus for fine aggregate should be within the range 2.3 to 3.2.

3.2. Temperature of the Mortar

Temperature plays a crucial role in the hydration and curing process of construction
materials. In this research, the temperature range of 15.6 ◦C to 26.7 ◦C suggests that the
curing conditions were controlled within an acceptable range, promoting proper hydration
and curing of the GM.

3.3. Setting Time of the Mortar

Initial setting times for different mortar mixes are presented in Table 2 below:

Table 2. Initial setting times of different mortars.

Sample ID Initial Setting Time (min)

C10B90 40
C20B80 60
C30B70 75

OPC 35
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3.4. Compressive Strength

Compressive strength for all the GM mixes were checked by testing them with the
universal testing machine. A total of three cubes were tested for determination of strength
for one day. The average of three cubes was taken as the strength of that day. Beside
GM cubes, OPC mortar cubes were also tested for the sake of comparison. Compres-
sive strengths of different mix designs are shown in Table 3. After compressive tests, it
was found that the compressive strength of C20B80 cubes was the highest of all. It was
62 percent more than that of OPC at 28 days of curing. It can be seen in Table 3 be-
low that the compressive strengths of all the GM cubes were greater than those of OPC
mortar cubes.

Table 3. Compressive strengths of different mix designs.

GM Mix

Compressive Strength at Different Curing Ages (MPa)

7 Days

% Difference in
Compressive
Strength as

Compared to OPC

14 Days

% Difference in
Compressive
Strength as

Compared to OPC

28 Days

% Difference in
Compressive
Strength as

Compared to OPC

C10B90 16.5 43.47 18.2 51.67 19.5 52.32
C20B80 18.1 57.39 19.6 63.34 20.76 62.18
C30B70 14.3 24.34 15.5 29.17 17.2 34.37

OPC 11.5 Nil 12.0 Nil 12.80 Nil

3.5. Cracks

It can be seen in Figure 1 that no cracks were observed in GM cubes. The absence of
cracks in the GM cubes is a positive outcome, indicating that the mortar exhibited good
structural integrity and resistance to cracking under the tested conditions. It suggests that
the mixture proportions, including the binder-to-sand ratio and the incorporation of waste
materials like corn cob ash and bauxite, were appropriate and resulted in a cohesive and
robust mortar. Furthermore, the absence of cracks in the GM cubes may also be attributed
to the curing conditions employed during the testing. The curing process, including the
temperature and duration, likely played a significant role in allowing the mortar to develop
its strength and preventing the formation of cracks.

 
Figure 1. Geopolymer cubes.
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4. Conclusions

The following conclusions can be drawn from the conducted study:

1. One-part geopolymer can be developed locally in Pakistan by using corn cob ash
and bauxite.

2. The mix design with 20 percent corn cob ash and 80 percent bauxite gave the most
optimum results.

3. One-part geopolymer resulting from corn cob ash and bauxite has huge potential for
replacing OPC.

4. The geopolymer developed in this research has compressive strength higher than that
of normal ordinary Portland cement.
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Abstract: Extraordinary efforts should be carried out in Pakistan to prepare green concrete from
waste materials. The utilization of Volcanic Ash (VA) in concrete can make sustainable concrete that
will produce less carbon dioxide (CO2) emissions and give positive outcomes. Hence, compressive
strength was tested on VA concrete with changing concentrations ranging from 0, 10, and 20% with
constant W/C, and the result was evaluated by scanning electron microscopy. The analysis of results
reveals that the intrusion of VA with 10% replacement gives a significant response, and enhances the
strength of the overall matrix.

Keywords: compressive strength; scanning electron microscope; volcanic ash; chemical composition

1. Introduction

Possible efforts should be carried out to use waste materials in concrete for the pro-
tection of the environment by making green concrete [1]. These waste materials may be
agricultural, industrial, aquaculture, waste, natural minerals, dust powder, and ashes [2].
Volcanic Ash concrete can be considered green concrete. Moreover, SCMs utilization can
also improve mechanical and durability properties. The commonly used SCM includes
Volcanic Ash (VA). By adding SCMs, overall mechanical and durability properties are im-
proved. Their utilization in concrete consumes less energy for production and evolves less
CO2. Moreover, protection against freeze and thaw, alkali–silica reaction, chloride attack,
and sulfate attack may also be achieved. Siddique et al. [3] revealed that the compressive
strength was diminished as the proportion of Volcanic Ash (VA) replacement in cement
increased. A decrease of around 40% in strength was observed when 40% of the cement was
substituted with VA. Mostafa et al. [4] investigated the effect of the VA with and without
magnetizing water (MW). The author used different concentrations of VA with cement
replacement and revealed that the VA with 15% depicts a significant increase of about 33%
in strength. Anwar et al. [5] investigated the impact of the partial replacement of cement
with Volcanic Ash (VA) and pumice powder (VP) on the compressive strength of cement
mortar. The replacement percentage ranged from 0 to 50%, and tests were carried out over
28 days. Based on the findings, it was observed that the compressive strength decreased
as the content of VA or VP increased. This decrease in strength can be attributed to the
reduction in the amount of cement in the mixture due to the higher content of VA or VP.
Ekinci et al. [6] discovered that the addition of volcanic material to geopolymer concrete
resulted in decreased workability, which in turn can negatively affect the compressive
strength of the concrete. Moreover, a scientometric diagram, as shown in Figure 1, depicts
the importance of Volcanic Ash in concrete.

There is some research on sustainable concrete using VA. However, there is minimum
data related to microstructural studies available to verify exhibited mechanical properties.
This research aims to use locally available Volcanic Ash as a partial replacement for cement
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to make sustainable concrete without compromising on compressive, and an attempt will
be made to verify these results through microstructural studies of concrete with VA.

Figure 1. Scientometric diagram of Volcanic Ash.

2. Experimental Procedures

2.1. Material Used
2.1.1. Volcanic Ash

VA as a waste material was taken from the locally available place near Chilas (Pakistan),
and its chemicals analysis reveals that VA has similar contents and a greater concentration
of SiO2 than OPC, as illustrated in Table 1. The SiO2 + Al2O3 + Fe2O3 concentration is more
than 70%. This depicts the pozzolanic nature of VA as per ASTM C618-01. In addition,
Table 1 also demonstrates the physical composition of VA.

Table 1. The chemical composition of VA.

Chemical Composition Physical Composition

Oxide
VA (%Age by

Mass)
Characteristics VA

SiO2 53.69 Specific Gravity 2.67%

Al2O3 17.43 Soundness No Expansion

Fe2O3 9.52 Retain on sieve # 325
max (%) 33

CaO 7.00
MgO 3.87
Na2O 3.57
K2O 0.86
SO3 0.16

Lime saturation Factor 3.89
Silica Modulus 1.99

Aluminum Modulus 1.83
L.O. I 1.3

2.1.2. Cement

Ordinary Portland Cement (OPC) was used and had a chemical and physical compo-
sition as per ASTM C-150 type-1 (normal).

2.1.3. Coarse/Fine Aggregate

Margalla crush, with a max size equal to 3/4 ′′, and Qibla Bandy sand were used for
making the concrete mix.
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2.2. Concrete Mix Proportion

Concrete mix proportions are shown in Table 2.

Table 2. Concrete mix proportions.

Concrete Mix Composition

Mixes
Cement
(Kg/m3)

Volcanic Ash
(Kg/m3)

Water
(w/c = 0.5)
(Kg/m3)

Fine
Aggregate

(Kg/m3)

Coarse
Aggregate

(Kg/m3)

Control
Sample 320 0 160 640 1280

V10 288 32 160 640 1280
V20 256 64 160 640 1280

Sample Preparation

Mixing of concrete was performed with w/c = 0.5. Homogeneously mixed samples
were cast in 4′′ Ø, 8′′ long cylinders in three layers of compaction. The cast samples were
de-molded after 24 h and then cured with a wet hessian cloth that was maintained at room
temperature of 25 ◦C + 3 ◦C. Mix proportions are included in Table 2.

2.3. Tests Performed
Compressive Strength and Scanning Electron Microscopy of the Concrete

Compressive strength was carried out after 28× days. The average value of the three
specimens for each test was determined and recorded. Compressive strength was evaluated
on the bases of ASTM C039, and SEM was performed to check the internal microscopy of
the structure.

3. Results and Discussions

3.1. Compressive Strength and Microstructure of VA Concrete 1:2:4

Compressive strength values of various mixes with varying concentrations are shown
in Figure 2. The best result of compressive strength was achieved for the mix VA-10 com-
pared to that of normal concrete. Moreover, there was a decrease in strength observed with
a higher concentration of VA, as demonstrated in Figure 2a. Initially, the increase in strength
was due to the pozzolanic hydration process between cement and VA. The pozzolanic
reaction between Volcanic Ash and CH produced additional Calcium Silicate Hydrate
(C-S-H) and produced dense gel. Volcanic Ash also reacted with CH and aluminates to
form C-A-S-H gel. This provided additional strength as C-A-S-H is denser than CH. Thus,
it contributed to the densification of the concrete structure. The SEM analysis reveals that
the volcanic ash particles, when mixed with cement, form a highly compact and dense
C-S-H gel. This is the primary binding material in concrete, responsible for its strength and
durability. The volcanic ash particles interact with the cement, promoting the formation
of additional C-S-H gel. The denser gel structure contributes to the overall strength of the
concrete, as illustrated in Figure 2b.
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(a) (b) 

Figure 2. (a) Compressive strength of VA; (b) scanning electron microscopy of VA with 10%.

3.2. Cost Benefit Analysis

A system process to evaluate suitability by weighing its potential benefits and cost
is called cost-benefit analysis. The rate of normal PCC 1:2:4 in the foundation without
shuttering for the 1 m3 has been compared, as illustrated in Table 3. This comparison is
specifically for the province of Gilgit Baltistan:

Table 3. Cost comparison of VA (20%) replacement with P.C.C.

P.C.C Control Sample P.C.C with 10% Replacement

Parameters Quantity Rates Amount Quantity Rates Amount

Cement 6.4 Bags Rs. 1350/Bag Rs. 8640/- 5.12 Bags Rs. 1350/Bag Rs. 6912/-
VA - - - 64 Kg Rs. 3/Kg Rs. 192/-

Sand 16 ft3 Rs. 80/ft3 Rs. 1280/- 16 ft3 Rs. 80/ft3 Rs. 1280/-
Crush 32 ft3 Rs. 110/ft3 Rs. 3520/- 32 ft3 Rs. 110/ft3 Rs. 3520/-

Labor for
pouring and

curing
35.311 ft3 Rs. 30/ft3 Rs. 1059/- 35.311 ft3 Rs. 30/ft3 Rs. 1059/-

Total 14,499/- 12,963/-

Cost reduction Rs. 1536/Cum (11%)

4. Conclusions

A comprehensive study has been carried out by replacement of cement with concrete.
The following are the conclusions from this comprehensive study:

1. The compressive strength of concrete with 10% VA replacement enhances the compos-
ite strength compared to the control specimen;

2. SEM analysis reveals that VA particles react with the CH to form densified C-S-H
gel. In addition, deviation of cracks is observed, which is a good sign for strength
and durability;

3. Incorporating Volcanic Ash (VA) in concrete construction leads to a significant cost
reduction of 11% when considering the desired compressive strength.
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Abstract: This paper examines the behavior of stainless-steel-reinforced concrete (SSRC) flexural
members subjected to fire. Stainless steel (SS) reinforcement has gained popularity due to its corrosion
resistance and long maintenance-free life. However, there is an insufficiency of performance data
and design guidance in the present literature. This paper presents a numerical assessment of
SSRC structural elements using a material model based on experimental tests. A finite element
model was utilized to simulate and analyze the response of SSRC beams under fire. This study
compared the behavior of SSRC beams with traditional carbon-steel-reinforced concrete (CSRC)
beams, demonstrating that SSRC members have a higher load carrying capacity and can sustain fire
exposure for longer durations. Additionally, SSRC beams exhibited higher deflections during fire
exposure compared to CSRC beams.

Keywords: ABAQUS; finite element modeling; stainless steel; reinforced concrete

1. Introduction

In past few years, there has been a noticeable surge in the utilization of stainless steel
(SS) rebars as an appealing substitute for traditional carbon steel reinforcement in the
United Kingdom. This growing trend can be attributed to its advantageous and sustainable
characteristics, including exceptional resistance to corrosion, leading to extended periods of
maintenance-free durability. However, there remains a significant gap in publicly available
data concerning the performance and design aspects, particularly in extreme circumstances
like fires. While SS rebars were primarily employed in bridges and structures such as water
treatment plants, which were susceptible to corrosion, their application has broadened to
encompass various structural uses in recent years, including industrial buildings, car parks,
and marine environments.

Despite the extensive research on various aspects of SS rebars, there is a notable scarcity
of information regarding its behavior at elevated temperatures. Figure 1a,b depict the
retention factors for yield strength and Young’s modulus at different elevated temperature
levels for bare SS structural sections, comparing the performance to both carbon steel
(CS) [1] and grade 1.4301 [2,3] stainless steel. These distinct properties of SS prove highly
beneficial during fire incidents. However, it is important to note that stainless steel’s higher
coefficient of linear thermal expansion (between 14–17 × 10−6/◦C) compared to carbon steel
(12 × 10−6/◦C) presents a challenge in maintaining the bond between SS rebars and the
surrounding concrete under elevated temperature scenarios. This can lead to compromised
composite action, increased cracking, and heightened levels of concrete spalling.
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(a) (b) 

Figure 1. Retention of mechanical properties for stainless steel (SS) and carbon steel (CS) including
(a) strength; (b) stiffness (adapted from Ref. [3]).

In light of this dearth of data, the current study aimed to address the elevated tem-
perature behavior of SSRC in fire. The approach involves the development and validation
of a finite element model, incorporating experimental data [4], to accurately represent the
material properties of SS rebars at elevated temperatures.

2. Finite Element Analysis

2.1. General

A numerical model was developed to simulate and study the behavior of SSRC
structural members at elevated temperatures. To date, there is no physical test data for this
type of structural behavior. In terms of the ambient temperature behavior, a number of
researchers have conducted a numerical analysis of SSRC beams (e.g., [5–7]). Therefore,
the numerical model developed in this paper was validated using CSRC beams tested by
Dwaikat and Kodur [8].

2.2. Structural Arrangement

The numerical model was developed based on a sample beam with the details of Beam
B-1, which was examined by Dwaikat and Kodur [8] under standard fire curve ASTM
E119 [9], and was made of normal strength concrete with a 58 MPa compressive strength.
As shown in Figure 2, the simply supported beam was 3960 mm in length, 254 mm in width,
and had a total depth of 406 mm. The beam had tensile reinforcement from three 19 mm
bars and compression reinforcement from two 13 mm bars. Shear reinforcement was also
included in the cross-section and this was 6 mm bars at a constant spacing of 150 mm. The
nominal yield strength of the longitudinal rebar was 420 N/mm2 and 280 N/mm2 for the
stirrups. The beam was loaded in 4-point loading conditions; the two loading points were
1200 mm apart from each other.

2.3. Material Modeling

The concrete material behavior is defined through the damage plasticity material
model (CDP), available in the ABAQUS [10] library. The CDP model includes the effect of
elevated temperature and can model the inelastic response of concrete in both tension and
compression. The concrete material model was developed using Eurocode 2 [2].

An isotropic yielding of steel reinforcement with temperature dependence can be
defined in ABAQUS [10] by a uniaxial yield surface against uniaxial plastic strain. A
constitutive material model of the carbon steel reinforcement was also taken from Eurocode
2 [2]. In the current study, actual stress–strain curves for both austenitic and duplex steel,
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determined through practical tests [4] and shown in Figures 2 and 3, were implemented in
the ABAQUS model for validation at elevated temperatures.

Figure 2. Stress-strain responses for grade 1.4301 at elevated temperatures adapted from Ref. [4].

Figure 3. Stress–strain responses for grade 1.4362 at elevated temperature adapted from Ref. [4].

2.4. Sequentially Coupled Thermal Stress Analysis

There are generally two different approaches in finite element analysis for the solution
of structural fire analyses. There are fully coupled and sequentially coupled thermal-
stress analyses. The former of these is hugely computationally demanding and therefore,
for RC structures, a sequentially coupled stress analysis is typically employed as it is
more computationally efficient; this was employed in the current work. A sequentially
coupled thermal-stress analysis is performed in two steps: (i) a heat transfer analysis is
first conducted to simulate the spread of an elevated temperature through the sections and
(ii) a thermal-stress analysis is then performed to apply the thermal loads and compute
displacements. The temperature at each node of the element is calculated in the first step
and these are then applied as a predefined field in the second step. Details of these steps
are given in another paper by the author that was published earlier [11].

2.5. Validation of the Numerical Model

The validated numerical model was employed for the simulation of SSRC beams
under fire. The only difference in the model is the material model for the reinforcement.
The interaction between the rebar and the concrete is modeled as a perfect bond in both
cases; however, the tensile stiffening modeled for concrete allows for modeling the effect of
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interaction in a simple manner [10]. In the current study, stress–strain curves measured
in practical tests for both austenitic (1.4301) steel and duplex (1.4362) steel at elevated
temperatures were used in the numerical model to determine the fire resistance of SSRC
beams under fire. There was a wide difference in the thermal expansion of CS and SS rebars,
but it did not result in any changes in the heat distribution between the concrete and rebars
(Figure 4).

 

Figure 4. Comparison of temperature in reinforcement of similar RC beams reinforced with SS
and CS.

2.6. Results

The comparison of two RC beams reinforced with CS and austenitic steel with a similar
cross-sectional geometry, concrete strength, and reinforcement ratio was performed for
sample beam validation, is shown in Figure 5. The SSRC beam showed no failure under
the ASTM E119 [9] fire curve, allowing for a reduced reinforcement ratio to analyze its
behavior under the full-time–temperature curve. A further comparison showed that SSRC
sustains loads under fire much longer than CS, even with a reduced reinforcement ratio.
The CSRC beam failed at around 175 min, while the austenitic and duplex SSRC beams
failed at 237 and 243 min, respectively, with different failure modes: concrete crushing for
SSRC beams and a combination of concrete crushing and steel rupture for CSRC beams.

Figure 5. Fire resistance of RC beams reinforced with different steel ratios of CS, austenitic, and
duplex steel.

3. Conclusions

This study aimed to examine the mechanical behavior of austenitic and duplex steel
rebars when exposed to elevated temperatures. To achieve this, actual material models,
developed through a testing program, were incorporated into a validated finite element
model of an SSRC beam that was subjected to a fire scenario.

The numerical results obtained from the analysis indicated that the SSRC beams were
able to withstand fire for a much longer duration compared to CSRC beams. This suggests
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that stainless steel exhibits superior fire resistance properties. Furthermore, the SSRC beams
experienced higher deflections during the fire exposure when compared to CSRC beams.

Based on these findings, it is recommended that further research studies could be con-
ducted to investigate the behavior of SSRC beams at elevated temperatures with different
material strength and load ratios. This would provide a more comprehensive understand-
ing of the performance of SSRC structures in fire scenarios, allowing for the development
of more accurate design guidelines and safety standards.
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