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Foreword 
 

Welcome to the CSCE 2024, 6th Conference on Sustainability in Civil Engineering (CSCE’24) is held by 

Department of Civil Engineering, Capital University of Science and Technology, Islamabad, Pakistan. The 

main focus of CSCE’24 is to highlight sustainability related to the field of 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. We hope all the participants experience a 

remarkable opportunity for the academic and industrial communities to address new challenges, share 

solutions and discuss future research directions. The conference accommodates several parallel sessions 

of different specialties, where the researchers and engineers interact and enhance their understanding of 

sustainability in the civil engineering dynamics.  

 
This year, we have eight wonderful and renowned keynote speakers for this edition of CSCE. We have 

received 160 manuscripts from different countries around the world including UK, Ireland, Canada, New 

Zealand, Italy, Estonia, Thailand, China, Hong Kong, Malaysia, UAE, KSA, and Pakistan.  All papers 

have under gone a comprehensive and critical double-blind review process. The review committee is 

comprised of 78 PhDs serving in industry and academia of UK, USA, Australia, New Zealand, Thailand, 

China, Hong Kong, France, Poland, Malaysia, Oman, Bahrain, Morocco, UAE, KSA, and Pakistan. After 

the screening and review process, 50 papers are to be presented in 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 
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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, an appreciation to our advising and organizing committees whose hard work and dedication 

has made this day possible. 

 

 

Dr. Majid Ali 

Capital University of Science and Technology, 

Islamabad, Pakistan 
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Conference Tracks 

 

Track - 01: Green Construction Materials and Structures 

 Construction Materials 

 Composite Materials 

 Modern Materials 

 Structural Material Behavior 

 Structural Analysis 

 Structural Design 

 Earthquake Engineering 

 Engineering Dynamics 

 

Track- 02: Construction and Project Management for Sustainable Developments 

 Building Information Modelling (BIM) 

 Project Management for Sustainable Development 

 Sustainability in Construction Projects 

 Construction Safety 

 Construction Contracts 

 Smart and Sustainable Construction 

 Construction Waste Management 

 IT applications in Construction 

 

Track- 03: Resilient Infrastructure and Environment 

 Environmental Engineering 

 Environmental Sciences 

 Irrigation Engineering 

 Water Resource Engineering. & Management 

 Highway & Traffic Engineering 

 Urban & Transportation Planning 

 Geotechnical Engineering 

 Geological Engineering 
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George Wardeh 
(IUT de Cergy-Pontoise, France)  

 

 

 

 

Dr. George Wardeh has expertise on concrete materials. He is currently associated with IUT de Cergy-

Pontoise, France His research interests include frost behavior of concrete, recycled aggregate concrete, and 

post-cracking behavior of concrete. He did his Ph.D. from Université Paul Sabatier Toulouse III. George 

Wardeh is an associate professor at CY Cergy Paris University in the department of Civil Engineering 

(IUT) and a member of Laboratory of Materials and Mechanics of Civil Engineering (L2MGC) since 2007. 

He was the head of the civil engineering department between 2016-2019 and he is currently a member of 

the academic council of CY Cergy-Paris University. He participated in many research projects and he is a 

member of the editorial board of Journal of Building physics. The research that Dr Wardeh leads is 

structured into three converging axes. The first axis concerns the frost behavior of construction materials 

and concrete more particularly. The main aim is to explain the behavior of construction materials within 

the framework of poromechanics. The second axis is dedicated to the activities on recycled aggregate 

concrete which are extended from the mix design of these special concretes until the behavior analysis of 

reinforced recycled concrete beams. The third axis is related to the post-cracking behavior of concrete. The 

objective is to study the effect of freezing–thawing cycles and recycled aggregates on the fracture energy 

and the softening behavior of concrete using inverse analysis methods. George WARDEH published 20 

research papers, three book’s chapter and more than 40 national and international conferences. 
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Hammad Anis Khan 
(University of Sydney, Australia) 

 

 
 

Dr. Hammad Anis Khan has expertise on concrete materials. He is currently associated with University of 

Sydney, Australia. His research interests include RCCP, self-healing concrete, fine recycled concrete 

aggregate, and cement chemistry. He did his Ph.D. from University of New South Wales, Australia.  Dr. 

Hammad Anis Khan has over 10 years of experience in the field of structural engineering, with a focus on 

utilizing sustainable construction practices. He has worked on developing green low-carbon concretes like 

geopolymer, alkali-activated blends, and blended cement-based concrete. He has a strong background in 

building design, serviceability assessments, infrastructure service life evaluation, durability design, and 

forensics assessments of damaged structures. He has investigated concrete problems ranging from high-

temperature to freeze-thaw damages, chemical attacks like (ASR, ACR, DEF, Thaumasite Sulfate Attack-

-TSA) to salt efflorescence, and physical disintegrations to mechanical performance reductions. He has 

also published multiple research papers in peer-reviewed journals with high citations and h-index. He was 

also awarded the A.C. Kennett special award for the best paper on the corrosion or degradation of non-

metallic materials at the Australasian Corrosion and Prevention Conference in 201. He is currently working 

on the development of sustainable fit-for-purpose concrete for sewer purposes. This project aligns with his 

passion for creating low-carbon and durable concrete structures that can withstand severely corrosive 

environments and reduce greenhouse gas emissions. 
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Mehran Khan 

(University College Dublin, Ireland) 

 

 

 

Dr. Mehran Khan is a materials expert and is currently associated with the school of civil engineering, 

University College Dublin, Ireland. His research interest include low carbon 3D printed concrete, HPC, 

fire resistant composites, and ACMs. He did his PhD from Dalian University of Technology, China. Dr. 

Mehran Khan specializes in the development of low carbon 3D printed concretes. His innovative research 

aims to advance sustainable construction practices by exploring the potential of 3D printing technology in 

reducing carbon emissions associated with traditional concrete production. Dr. Mehran Khan has made 

significant contributions to his field, authoring over 50 peer-reviewed publications that have collectively 

garnered more than 2,300 citations, reflecting the impact and relevance of his work. His scholarly 

achievements are underscored by an h-index of 32 and an i10-index of 36, indicating a robust engagement 

with the academic community and a strong influence on contemporary research in civil engineering. In 

addition to his research activities, Dr. Khan has demonstrated a commitment to academic excellence 

through various editorial roles, including serving as an Associate Editor and Academic Editor for multiple 

academic journals, as well as participating as a Guest Editor for special issues and a member of topical 

advisory panels at international conferences. His extensive involvement in these capacities highlights his 

dedication to advancing knowledge and fostering collaboration within the scientific community. Dr. Khan's 

expertise and leadership in the field position him as a key contributor to ongoing discussions about 

sustainable materials and construction technologies, making him a valuable asset to both academia and 

industry. 
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Jin Cheng Liu 
(Aurecon, Hong Kong) 

 

 

 

Dr. Jin Cheng Liu has expertise on both concrete materials and structures. He is currently associated with 

Aurecon, Hong Kong. His research interests include ECC, UHPC, fire-induced explosive spalling of 

concrete, green concrete, and AI for civil engineering. He did his Ph.D. from Nanyang Technological 

University, Singapore. Following his PhD, Dr. Liu worked as a research staff member at both Nanyang 

Technological University and The University of Hong Kong. Over the years, Dr. Liu has participated in 

numerous research projects and real-world projects, honing his expertise in various domains such as 

structural engineering, concrete materials, earthquake engineering, fire safety engineering, and artificial 

intelligence. His significant research contributions include a) Propounded unified fire-induced concrete 

spalling theory, and introduced a design concept of “three defense lines against fire-induced concrete 

spalling”, which can be applied in (1) Ultra-high Performance Concrete (UHPC) structural system, (2) 

vital underground/submerged infrastructure, and (3) nuclear infrastructure. b) Proposed knowledge-

enhanced machine learning models to assess explosive spalling risk of concrete, which can be applied in 

(1) design of explosive spalling-free concrete, (2) assessment of explosive spalling risk of existing 

concrete, and (3) provide valuable input to Code/Standard/Guideline. c) Improved fire resistance of normal 

strength Strain Hardening Cementitious composite (SHCC) or Engineered Cementitious Composite 

(ECC), overcame explosive spalling tendency of Ultra-High Performance Strain Hardening Cementitious 

Composite (UHP-SHCC). 
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Muhammad Shakeel 

(AECOM, Hong Kong) 
 

 

 

 

 

 

 

 

 

 

 

 

Dr. Muhammad Shakeel is a geotechnical expert and is currently associated with AECOM, Hong Kong. 

His research interests include centrifuge modelling, static liquefaction, slope stability, and numerical 

modelling. He did his PhD from The Hong Kong University of Science and Technology, Hong Kong. 

Muhammad Shakeel brings experience from previous roles at The Hong Kong University of Science and 

Technology, SA BAYTUR CONSTRUCTION CO and Ammico International Contracting Co. Ltd.  He 

possesses robust skill set that includes Deep Foundations, Geotechnical Engineering, High Rise, 

Highways, SAP2000 and more. Dr. Muhammad Shakeel is a distinguished researcher whose impressive 

accolades underscore his commitment to excellence in his field. He was honored with the HKPFS 

Award from the Research Grant Council in Hong Kong in 2015, recognizing his outstanding research 

contributions. Prior to this, he received the HM King Scholarship in Thailand in 2013, highlighting his 

academic prowess and dedication to advancing knowledge. In 2012, he was part of the team that earned 

the Hydro Asia Best Group Award from Kwater in Korea, showcasing his collaborative efforts in 

addressing water-related challenges. Additionally, Dr. Shakeel received the Honor Award from UET 

Lahore, Pakistan, in 2010, further affirming his reputation as a leading figure in engineering and 

sustainability. 
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Noor Aina 
(Universiti Pertahanan Nasional, Malaysia) 

 

 

 
 

 
Dr. Noor Aina is a construction materials specialist and is currently associated with the department of civil 

engineering, Universiti Pertahanan Nasional, Malaysia. Her research interests include green steel, green 

technology, unreinforced masonry building, and building retrofitting. She did her PhD from University of 

Auckland, New Zealand.  Her work primarily focuses on sustainable materials in civil engineering, with a 

particular interest in concrete technology, including the use of agricultural waste, textile waste, and 

recycled glass for construction materials. She has contributed to research on the optimization of materials 

such as bottom ash, limestone, and other industrial by-products in asphalt and concrete mixes, with a focus 

on enhancing the sustainability and performance of construction materials. Her involvement in studies 

relating to the soil-water retention properties of materials used for subgrade improvements using 

agriculture wastes showcasing her commitment to environmental sustainability and infrastructure 

resilience. Additionally, Noor Aina has been involved in studies relating to unreinforced masonry (URM) 

retrofitting works as one of the efforts to preserve the heritage. 
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Khan Shahzada 

(UET Peshawar, Pakistan) 
 

 

 

Dr. Khan Shahzada is a materials expert and is currently associated with the department of civil 

engineering, University of Engineering and Technology, Peshawar, Pakistan. His research interests include 

ECC, waste marble powder, fly ash, and SRA. He did his PhD from University of Engineering and 

Technology, Peshawar, Pakistan.  Dr. Khan Shahzada is a distinguished member of the Provincial Housing 

Taskforce for the Government of Khyber Pakhtunkhwa, actively contributing to the Prime Minister's 

Initiative for 5 million affordable homes. He holds a lifetime membership with the Pakistan Engineering 

Council and is a key member of its national program evaluation committee. His expertise in geotechnical 

and structural engineering has provided invaluable consultancy services to various government 

departments, significantly enhancing the financial resources of the University of Engineering and 

Technology (UET) Peshawar.Dr. Shahzada's robust international research collaborations extend across the 

USA, Italy, Canada, Turkey, and Hong Kong, reflecting his commitment to advancing engineering 

practices globally. As an active member of several engineering organizations, including the American 

Society of Civil Engineers (ASCE), he continues to promote innovation and excellence in the field. His 

insights and extensive experience position him as an inspiring keynote speaker, poised to share 

transformative ideas on sustainable housing solutions and engineering advancements at the conference. 

  



 

xxi 

Khan Zaib Jadoon 

(International Islamic University, Islamabad, Pakistan) 
 

 

 

Dr. Khan Zaib Jadoon is a water resource expert and is currently associated with the department of civil 

engineering, International Islamic University, Islamabad, Pakistan. His research interests include ground 

water recharge, dam seepage, spatiotemporal monitoring, and WT-ANN. He did his PhD from Universite 

Catholique de Louvain, Belgium.  He is a highly accomplished academic and researcher specializing in 

the application of ground penetrating radar (GPR) to address hydrological and environmental challenges. 

Dr. Jadoon has an extensive background in research, having participated in significant projects such as 

TERENO and CROP.SENSe.net at the Forschungszentrum Jülich in Germany from 2007 to 2011. 

Following his postdoctoral work at the Water Desalination and Reuse Center at KAUST, he transitioned 

to academia in Pakistan, where he currently serves as a Professor and Dean of the Faculty of Engineering 

and Technology at the International Islamic University, Islamabad. His career reflects a commitment to 

advancing knowledge in civil engineering and hydrology. Dr. Jadoon's research interests are centered on 

the coupled inversion of geophysical and hydrological data, with a particular emphasis on hydro 

geophysics and electromagnetic modeling techniques for GPR and electromagnetic induction. His current 

projects focus on integrated hydro geophysical inversion of time-lapse geophysical data to characterize 

aquifers and vadose zones effectively. Notably, he is actively developing joint inversion methods for multi-

component electromagnetic measurements to optimize drip irrigation systems, which are crucial for 

sustainable agricultural water management. Additionally, Dr. Jadoon is engaged in monitoring the long-

term impacts of climate change on terrestrial hydrology, utilizing precise weighing lysimeters to assess 

water balance, evapotranspiration, and water retention capacity. His work significantly contributes to 

understanding and managing water resources in the context of environmental change. 
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Masonry arches have been widely used since antiquity. Many ancient arched bridges are still an important part of 

transport networks in various countries. Masonry arch structures are ageing and suffering from increased loads. The 

main difficulties in the requalification of masonry structures lie in the lack of key information needed to identify the 

material's behavior. To accurately simulate masonry arch failure and serviceability, a numerical and in-situ monitoring 

approach must be employed. This requires understanding the mechanical properties of the materials and the masonry's 

behavior under stress and load. Masonry is composed of brick units and mortar, usually with stiffer bricks embedded 

in an inelastic mortar joint, although code specifications and structural design often consider masonry to be a 

homogeneous material. Masonry's true characteristics result from the interaction between the brick, mortar and stress. 

To predict masonry behavior, it is necessary to understand the brick, mortar and masonry properties. While most 

research has focused on masonry arch bridges' vertical performance, recent studies have begun to investigate their 

seismic behavior. Seismic evaluation of existing masonry arch bridges is a priority in earthquake-prone areas to ensure 

safe road and rail infrastructure operating conditions.  

 

This work, which is a part of I. Bello’s Ph.D thesis, aims to characterize masonry at the material and structural scale, 

study the behavior of curved masonry structures, and create models accounting for material nonlinearities. The focus 

is on the effect of the properties of the mortar on the static and dynamic behavior of the arches. The experimental 

program was divided into two parts. First, prisms were constructed to study the full stress-strain behavior during cyclic 

compression. The static and pseudo-dynamic behavior of the arches was studied in a second step. For the construction 

of the masonry prisms, two non-hollow masonry bricks, B1 and B2, were used with five different mortar mixes 

developed in the laboratory. The two types of brick are different in terms of their physical properties and their 

compressive strength, which is 90 MPa for B1 and 37.4 MPa for B2 (table 1). Five different types of mortar were 

produced, varying in cement and lime content. The sand grain size ranged from 0 to 2 mm. The water to binder ratio 

had values of 0.55, 0.65 and 0.7. Mortar M1 was formulated entirely from cement, while M5 was formulated entirely 

from lime. For mortars M2, M3 and M4 the cement/lime ratios were 0.25, 0.5 and 0.75. 

 

Eight masonry arches were prepared using the brick B1 and mortars M1 and M5 only. Each structure has 25 bricks 

and 24 mortar joints. The intrados and extrados have a radius of 0.5 m and 0.61 m. 2-coulum frame Schenck machine 

regulated at the rate of 0.5 mm/min and having capability of applying a maximum load of 3000 kN was used to conduct 

tests on the masonry prisms’. Strains were measured using classical strain gauges and Digital Image Correlations 

Technique (DIC). The static protocol for arches testing involves instrumentation of masonry arches with 8 LVDT at 

predicted failure locations and two load cells at springing. The structures intended for dynamic testing were mounted 

on a steel base and rollers to allow horizontal displacement in one direction. The base was later attached to the hydraulic 

machine for pseudo-dynamic tests. Two main series of tests were conducted, both under displacement control. In the 

first series a monotonic compression testing was conducted with a servo-hydraulic testing machine having load cell of 

50 kN. A monotonic compressive load is applied on the crown until the complete failure of the arches. The second 

series involves first applying 50% of the maximum compressive load at the crown. Later, the arches are induced to a 

pseudo-dynamic test having a constant displacement of ±2mm and a frequency intensity at 1, 3, 5, 7, and 10Hz, while 

±1.5mm was applied at 13Hz. (7D Canon digital camera having a pixel resolution of 5184 x 3456) was used to capture 

images for the 2D digital image correlation (DIC) analysis. (Camera having fixed focal length of 45mm (EF f/2.8L 

USM) was mounted on a tripod and the masonary arches were position 2.8 m away from the camera. 

 

The results obtained from the compressive testing revealed that the failure pattern of the prism is influenced by the 

joint mortar composition. Prisms having a higher cement content were characterized by spalling and lateral tensile 

splitting, leading to a brittle failure mode. (Moreover, prisms with a having higher lime content showed a more ductile 
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failure mode, characterized by localized strains at the mortar joints. The lime content in the mortar showed a direct 

relation with its ductility, with an increase in lime dosage more ductile response is observed. Digital Image Correlation 

proved to be a valuable tool for observing strains up to failure, as traditional strain gauges became unreliable at later 

stages of the test. 

 

Table 1. Types of bricks and their properties 

 

Specimen Porosity (%) Water absorption 

(%) 

Density (g/cm3) 

Brick 1 (B1) 19.37 9.54 ± 0.13 2.00 

Brick 2 (B2) 14.58 7.77 ± 1.63 1.88 

 

 

Figure 1. Effect of mortar composition on the mechanical properties of masonry. 
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The obtained results were added to those available in the literature and illustrated in Figure 1 where it can show that 

as the water/binder ratio is increased the compressive strength decreases (Figure 1.a). Furthermore, by increasing the 
lime content, the modulus of elasticity decreases (Figure 1.b) while the strain at peak stress increases (Figure 1.c). It 
was also found that the decrease in the elastic modulus induces a decrease in the joint tensile strength and its fracture 
energy.  
 

For the static behavior of masonry arches, it was found that masonry arches using cement as a binder exhibited 
compressive strengths three times higher than arches built using lime mortar while their deformability is lower. Both 
structures experienced a decrease in strength, indicating the occurrence of hinge openings on either the extrados (upper 

surface) or intrados (lower surface) of the arches. Upon pseudo-dynamic tests, it was observed that the failure mode is 
generally attributed to the opening of hinges at the extrados and intrados of the masonry arches. For tender joint mortars 
the loading-unloading bearing capacity is lower that stiff mortar while the ductility is higher. The arches were 
numerically studied using ABAQUS and a simplified micro-modelling approach to better understand the failure 

mechanism and a good agreement was found between experimental and numerical results. For all tested elements a 
good agreement was also found between the displacements obtained using DIC and those obtained by means of 

classical measurement tools. 

 

Based on the findings of this study the following concluding remarks can be withdrawn: 

 The composition of joint mortar influences the behavior of the masonry 

 Lime content and Water/Binder ratio are the two key para meters 

 Flexible mortars have a more ductile behavior but a lower resistance  
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This keynote lecture focuses on Microbially Induced Concrete Corrosion (MICC), a process wherein sulfuric acid 

produced by microorganisms leads to the degradation of concrete structures like sewer pipes. These pipes subjected 

to MICC were occupied by Desulfovibrio which can use sulfate or sulfur compounds to produce H2S in the absence 

of oxygen. The presence of H2S can initiate the formation of sulfuric acid in the presence of oxygen which leads to 

the destruction of the concrete. This process is further aggravated by other factors like moisture, air flow and 

temperatures. 

The steps of MICC includes abiotic neutralization with carbonation, the acidification by H2S through bacterial activity 

and formation of sulphuric acid formation due to sulphur oxidation. It involves a coordinated combination of chemical 

and biological agents in a sequential manner to enhance the destruction of concrete particularly in sewer systems. 

These microorganisms thrive in aerobic conditions, making the surface of concrete highly susceptible to corrosion. 

Penetrability and permeability of concrete are one of the most significant properties which define the durability of 

concrete in this aggressive environment. Penetrability is defined as the ease with which substances like water and 

harmful chemicals can infiltrate the concrete. Capillary porosity, which is influenced by the water-to-cement (w/c) 

ratio and the degree of hydration, plays a significant role in determining a concrete’s resistance to degradation. 

Concrete with higher permeability is more vulnerable to deterioration in harsh environments. The lecture emphasizes 

the importance of understanding these properties to enhance the durability of concrete, especially in sewer systems. 

The experimental testing plan was carried out to investigate the performance of two types of concrete mortars: Low 

Calcium Fly Ash Based Geopolymer Mortar (FA-GPm) and Sulphate Resistant Portland Cement Mortar (SRm). These 

materials were subjected to long-term exposure in a highly corrosive sewer environment at the North Head Wastewater 

Treatment Plant in Sydney. Throughout the study, samples were exposed to varying levels of humidity and H₂S 

concentration. Observations made after 12 months revealed significant surface degradation, scaling, and the formation 

of white efflorescence, particularly in SRm samples (figure 1). 

Table.1 Variation in Porosit, Mass and Strength 

Physical Property 

FA-GPm SRm 

Control Digester Control Digester 

Porosity (%) 18.4 ± 0.1 22.9 ± 0.4 17.7 ± 1.2 20.5 ± 0.8 

Compressive Strength (MPa) 46.3 ± 1.6 37.2 ± 2.6 50.7 ± 1.7 35.7 ± 0.9 

Strength Loss (%) - 19.6 ± 2.1 - 29.6 ± 1.6 

Mass Loss (%) - 2.06 ± 0.7 - 2.8 ± 0.5 
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The results of the study showed that both FA-GPm and SRm experienced reductions in mass and compressive strength 

after one year of exposure. FA-GPm exhibited a mass loss of 2.06%, while SRm lost 2.8% (table 1). Water-induced 

porosimetry tests revealed that both mixes became more porous over time, increasing their susceptibility to corrosion. 

The analysis of neutralization depth indicated that FA-GPm underwent greater loss of alkalinity, highlighting its more 

porous structure compared to SRm (figure 2). The loss in alkalinity suggests that FA-GPm has a shorter service life 

when exposed to a sewer environment. 

a  b  

c   d   

Figure 1. Visual observation after 12 months (a) FA-GPm (b) SRm 

 

a  b  

c  d  

Figure 2. Neutralization depths (a) FA-GPm after 6 months (b) SRm after 6 months 

 (c) FA-GPm after 12 months (d) SRm after 12 months 
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Finally, XRD and SEM analyses provided insights into the microstructural changes occurring in the mortar samples. 

These analyses showed the formation of carbonation products such as calcite in SRm and natron in FA-GPm, as well 

as the presence of sulfate products like gypsum and thenardite. These findings suggest that both carbonation and 

hydrogen sulfide acidification occurred simultaneously in the sewer environment. The microstructural deterioration, 

particularly the crystallization of sulfur compounds at the aggregate-matrix interface, contributed to the reduction in 

durability. In conclusion, both mixes showed signs of degradation, however, SRm demonstrated slightly better 

resistance to infield corrosion than FA-GPm. 
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Sustainable development is the primary focus today in addressing the negative impacts of climate change. 

Consequently, modern construction emphasizes technological and material advancements to reduce their 

adverse impacts on the environment. In the past decade, advancements in robotic technologies and material 

science have led to the development of full-scale 3D-printed concrete structures. 3D printing concrete 

technology has come out with significant applications. Its ability to efficiently and accurately construct 

complex structures has transformed traditional construction methods. The layer-by-layer process of 3D 

concrete printing addresses several challenges associated with traditional construction methods by allowing 

the creation of entire structures or specific components directly from digital models. 3D printing technology 

was initially used to create small-scale prototypes, but it has subsequently advanced to include large-scale 

construction projects. Europe is primarily at the forefront of this technical growth, along with many other 

countries (table 1). This is one approach for achieving efficient, sustainable construction with minimal carbon 

emissions through less waste, limited material consumption, and optimal design. The incorporation of low-

carbon, sustainable materials, such as supplementary cementitious materials and recycled components, in 3D 

printing technology significantly enhances the sustainability of 3D-printed concrete projects. The use of 

customized materials and localized production of 3D-printed concrete, tailored to specific environmental 

conditions, reduces material waste and minimizes transportation needs, thereby contributing to sustainability. 

The 3D concrete printing process involves multiple stages, with the first being the design phase, where a 

digital model is created using specialized software. The second stage involves preparing the material by 

optimizing the concrete mix to achieve the required setting time and viscosity for optimal printability. 

Subsequently, the layer-by-layer concrete extrusion is made during the layering phase, that enables accurate 

control over its structure and shape. This step is followed by the curing and finishing of the structure to attain 

strength and durability. 

Various European countries are leading the adoption of innovative 3D concrete printing technology. 

Particularly in Germany, multiple commercial and residential buildings have been constructed using 3D 

printing concrete technology in order to minimize the material consumption. The sustainable artistic 3D 

printing concrete projects are a specialty of Italy. Whereas, in Spain, the 3D printing concrete bridges and 

urban furniture is constructed. The initiative for 3D-printed concrete houses is spearheaded by the Eindhoven, 

Netherlands. France and Ireland emphasize energy-efficient 3D concrete printing designs as a pathway 

toward sustainable development. Hence, it can be said that 3D printing concrete technology offers several 

benefits, including a significant reduction in construction time, bringing completion timelines down to weeks 

instead of months. In addition, material efficiency is improved by using only the required amount, which 

minimizes waste and cost. Further, the flexibility of design is also a considerable attribute of 3D printing 

concrete technology, particularly in the case of complex structures which are very difficult to execute through 

conventional methods. 

However, the implementation of 3D printing concrete technology also poses some challenges. For example, 

material limitations restrict its application due to the inability to achieve sufficient strength, printability, and 

sustainability. Similarly, the 3D printing setup demands a higher initial cost when it comes to large-scale 

projects. Moreover, the lack of standardization and building codes for 3D-printed concrete structures in many 

countries presents significant regulatory challenges. 
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 Table 1. 3D Printed Concrete Structures in Europe 

Project Location Sustainability Features 

Striatus Bridge Venice, Italy 3D printed concrete with 

recycled materials, solar-

powered lighting  

Kamp Horst Pavilion Horst, Netherlands 3D printed concrete with bio 
based admixtures, energy 
efficient design 

Mile Stone Demonstrator Eindhoven, Netherlands 3D printed concrete with 

reduced cement content, circular 
design 

 

Effective collaboration among stakeholders, including the construction industry, researchers, and 
policymakers, is essential to address these challenges. Likewise, research into the development of novel 
materials and improved printing techniques is essential. The establishment of policies and regulations is also 
necessary for promoting sustainable construction practices. In a nutshell, it can be concluded that low-carbon 
3D-printing concrete technology is an emerging revolution in the construction sector. As a result of 

continuous advancement in sustainable designs through innovations in materials science and robotics, 3D 
printed concrete is becoming the standard construction technique, contributing to resolve the environmental 
issues and economic challenges. Therefore, 3D printing concrete technology can be concluded with 

advancement in sustainable development in the construction sector. The overview of sustainable construction 
through 3D printing concrete is shown in Figure 1. The achievement of innovative design with reduced 
material waste and lesser carbon emissions through this technology is heading the built environment toward 

a greener future.     
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Concrete mix design is a technical process used to select and determine the appropriate proportions of concrete 

ingredients needed to achieve the desired strength and performance, i.e. workability, strength, and durability, etc. 

Current commonly used concrete mix design methods in Code of Practice (CoP), such as American Concrete Institute 

(ACI) method, British DoE method, and Indian Standard method, etc., are based on empirical relationships, in the 

form of charts and graphs developed from extensive experimental investigations. The basic assumptions underlying 

all these methods are that the compressive strength of workable concretes is primarily determined by water/cement 

ratio and the slump of concretes is primarily determined by maximum aggregate size and water content.  However, 

various other factors affect slump and compressive strength of modern concrete, for examples, supplementary 

cementitious materials (SCMs), chemical compositions of cement and SCMs, fineness modulus of fine aggregate, 

fibers, and curing, etc. Therefore, these deem-to-satisfy methods should be considered only as a basis for concrete mix 

trial, further adjustments may still be needed to arrive at the desired concrete mix. Moreover, these concrete mix design 

methods in CoPs primarily focus on achieving the desired compressive strength and slump, often overlooking the 

detailed considerations on durability properties, such as chloride diffusion coefficient, necessary for ensuring long-

term safety of concrete structures under severe complex environment.  

As machine learning technique is growing mature and more concrete mix data is produced in laboratory and real-

world projects, it becomes possible to leverage machine learning to assist in design of concrete mix that meet multiple 

objectives. A tentative machine learning framework for assisting high-performance concrete (HPC) mix design is 

illustrated in Figure 2. The first step is building prediction models, where datasets are developed by collecting and 

preprocessing data for compressive strength, slump, and chloride diffusion coefficient of concrete, respectively. These 

datasets form the foundation for the next phase, hyperparameter optimization, where Bayes search cross-validation 

tunes machine learning model hyperparameters. Subsequently, machine learning models for compressive strength, 

slump, and chloride diffusion coefficient of HPC are established. In the mix design phase, an objective function is 

defined along with constraints targeting the same three properties of concrete. The target compressive strength can be 

specified as a numerical value, while target slump and target chloride diffusion coefficient are recommended to be 

categorical value defined based on rationality. The mix design model, on basis of the established machine learning 

models, employs particle swarm optimization (PSO) to minimize the target function to identify the optimal HPC mix. 

Finally, experiment verification is conducted to ensure the results meet the desired criteria. If the results are 

unsatisfactory, the process iterates until the desired outcomes are achieved. 

 
Figure 1. Composition of Plain Concrete vs Geopolymer Concrete 
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This proposed machine learning framework is not only applicable for the design of high-performance concrete 
considering chloride  diffusion resistance, but can also be applied to other types of concrete or for optimizing other 
aspects of concrete. For example, it can be used for developing low-carbon concrete, such as fly ash blended concrete, 
natural pozzolana blended concrete, ground granulated blast furnace slag blended concrete, geopolymer concrete, 

alkali-activated slag concrete, or alkali-activated fly ash and slag concrete, etc. Additionally, it can be used to develop 
special concretes, such as ultra -high-performance concrete, water-tight concrete, pervious concrete, lightweight 

concrete, self-compacting concrete, fire-resistant concrete, etc. In brief, the proposed machine learning assisted 
concrete design method presents itself as a potentially powerful alternative tool to the traditional concrete mix 

proportioning method in CoPs. 
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Centrifuge testing is commonly used for various geotechnical and geo-environmental applications. 

Geotechnical modeling has emerged as an alternative tool to complement numerical analyses and field tests. 

Ng et al., 2007, explores the interrelationship among different approaches that complement each other. This 

paper introduces the major application along with the basic principles of geotechnical centrifuge modeling.  All 

these studies were conducted at the centrifuge modeling facility at the Hong Kong University of Science and 

Technology (Ng et al., 2001) as shown in Figure 1. The major difference between soil and other engineering 

materials (steel, concrete) is the stress dependent behaviour of soil. The fundamental principle of centrifuge 

modelling is to recreate the actual stress conditions on a reduced scale model by increasing the gravitational 

acceleration to ng, where n is the multiplier and g is the acceleration due to gravity of earth. Various scaling 

laws are formulated through dimensionless analysis (table 1). 

 

Centrifuge modelling can be used as modelling of prototype, to carry out parametric study, investigation of new 

phenomenon and validation of numerical methods (Ko, 1988). Modelling of prototype are used to understand 

actual engineering problems i.e. slopes, piles, tunnels, excavation, geo environment, consolidation, earthquake 

and offshore structures. Under controlled settings, parametric studies using centrifuge modeling allow for 

sensitivity analyses, such as assessing the bearing capacity of footings on slopes, lateral loading of piles, and 

interactions among multiple tunnels. Centrifuge modelling can be effectively used to understand the new and 

complex problems such as explosion, plate tectonics, liquefaction, climate change, energy exploration and 

contaminant transport. Lastly, the reliability of any numerical method can be verified by comparing the results 

of the centrifuge testing with the adopted numerical approach.  

 

Wang et. al., (2019) conducted a forensic investigation of a high rise building having 13-stories in Shanghai 

soft clay using centrifuge modelling. Prior to building collapse, an excavation having shallow depth was 

performed in front of the building and the excavated material was filled on the back of the building. In the 

centrifuge model, in-situ strength of the soft clay is similar to the undrained shear strength of the model soil. 

The surcharge loading of the fill on the back of the building was simulated by applying the loading using bearing 

plate and hydraulic jack. The failure mechanism of the piles in the centrifuge modelling was consistent with 

what was observed in the field.  

 

To investigate the response of pile group and piled raft adjacent to deep excavation, Ng et. al., (2021) conducted 

a series of centrifuge tests in sandy soil to study the serviceability performance of 2x2 pile group and piled raft.   

The pile load increased by the amount of 3% and 21%, due to the soil movement and stress release caused by 

deep excavation of 8m, for the piles that were closer to the excavation for pile group and piled raft, respectively. 

To further mobilize end bearing and shaft resistance to maintain the vertical equilibrium, the settlement in the 

piled raft foundation was found to be 20% more than the settlement in the pile group. Furthermore, due to the 

excavation 30% additional pile bending moment was induced. 

Page 14 of 231

mailto:mshakeel@ust.hk


6th Conference on Sustainability in Civil Engineering (CSCE’24)                                                                                 
Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Muhammad Shakeel   

 

 

Figure 1 Relationship between field monitoring, centrifuge modelling and numerical modelling (modified 

from Ng et. al., 2007) 

 
Table 1. Geotechnical Scaling Laws 

Parameter Scale (model/prototype) 

Time (Creep, temperature) 1 

Time (diffusion)/ Consolidation 1/n2 

Time (Dynamic) 1/n 

Stress 1 

Strain 1 

Volume Dimension 1/n3 

Area Dimension 1/n2 

Linear Dimension 1/n 

Acceleration n 

Unit Weight n 

Density 1 

Mass 1/n3 

Force 1/n2 

Bending Moment 1/n3 

Pore fluid velocity / rainfall  n 

Heat flux n 

Frequency n 

Concentration 1 

Velocity 1 
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 Ng et al., (Under review) conducted centrifuge model tests to study the time dependent response of DCM 

columns in soft marine clay and load transfer mechanism between DCM and sot clay subjected to reclamation 

fill. It was found that due to development of arching in the fill material, a critical height of 2.2 times the clear 

spacing between the DCM columns are required to limit the differential settlement. Due to arching mechanism, 

about 70-90% fill load is transferred to DCM which is transferred to competent stratum through DCM. 

 

Ng et. al., (2022) conducted a series of three-dimensional centrifuge tests to investigate the influence of different 

skew angles between new tunnel under the existing tunnel. Tunneling induces stress relief and arching in the 

ground which results different stress distribution pattern due to different angles. The existing tunnel experienced 

maximum settlement and tunnel strain when the skew angle is 30o. The invert settlement at 30o is 1.4 times 

larger than 90o tunneling. 
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Textile waste is a major concern of environmental issues when millions of tons of textile waste was dumped 
in landfills each year [1]. The textile waste takes up to 200 years to decompose. This research was carried 
out to produce composite material namely textile waste composite (TWC). The TWC is a combination of 
textile waste with epoxy that has the potential to be implemented as a structural strengthening material. 

Laboratory performance testing revealed that samples strengthened with TWC perform better than plain 
concrete beamlets. This innovation aligns with the Sustainable Development Goals and has commercial 
potential as structural strengthening materials. 
 
Cotton textile and nylon textile were used to produce the TWC. Three different configurations of TWC 
were applied as reinforcement on plain concrete beamlets (100 mm x 100 mm x 500 mm), i.e., full 
wrapping (FW), diagonal wrapping (DW), and mesh wrapping (MW) and the details are as shown in Table 

1. A two-point loading test was conducted on the samples to determine the flexural strength of the beamlet 

samples in accordance with BS EN 12390- 5 [2].  
 

Table 1: Details of TWC configurations 

 
Type of reinforcing 

Details 

% reinforcement 
Spacing between 

TWC (mm) 

Angle of TWC (°) 

 
FW 

100 - - 

 
DW 

25 50 45 

                MW 75 25 - 
 

 

 

 

 
 

 

 

(a) (b) 
Figure 1: Beamlet samples reinforced with TWC (a) flexural strength (b) crack growth resistance 
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The result shows that all reinforced samples with TWC showed flexural strength increment compared to 

the control sample as shown in Figure 1a. The optimum configuration for TWC nylon was full wrapping 
with increments up to 126% followed by diagonal wrapping (38%) and mesh wrapping (14%). For the 
TWC cotton, mesh wrapping configuration improved approximately 85% of the flexural strength followed 
by full wrapping (70%) and diagonal wrapping (44%). The installation of TWC also resists the crack 

growth within the concrete beamlets (see Figure 1b). 
 

Plain concrete beamlets reinforced with TWC showed promising results with significant improvement in 

flexural strength and has a good ability to resist crack growth of the samples. Further investigation is 
required on the development of good bonds between the TWC material and concrete substrates. 
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The construction industry faces immense challenges as it seeks to balance sustainability, cost-effectiveness, 

and the need for seismic resilience in building structures. This study discusses alternate building materials, 

focusing most on the context of Dry Stacked Block Masonry (DSBM), Fly Ash Brick Masonry, Rammed 

Earth Construction and Marble wastes as sustainable options. Such materials not only improve the structural 

efficiency but also help in environmental sustainability by low carbon footprints and resource conservation.  

 

This abstract presents an overview of research findings and practical applications related to these 

construction methods. 

 

DSBM is an interlocking mortarless masonry technique using concrete blocks or Stabilized Earth 

Blocks (SEB). The absence of mortar in construction provides various benefits such as. 

Water Savings: The process requires much less water to make, with negligible curing (Bardhan, 

2015). 

Reduced Carbon Emissions: SEB eliminates burning blocks and saves up to 89% of carbon dioxide 

emissions compared to conventional clay bricks (Riza et al., 2010). 

. 

Speed and Cost Efficiency:   DSBM construction can be accomplished in around 30% less time and 

is over 25% cheaper than the general masonry (Ramamurthy and Nambiar, 2004), (Ngowi, 2005). 

Three full-scale DSBM specimens, unconfined, confined, and retrofitted, were subjected to tests to 

demonstrate their seismic behavior. The confined and retrofitted DSBM specimens showed significant 

improvements in load-bearing capacities and displacement limits, making them viable for regions 

prone to seismic activity. Table 1 summarizes results of the DSBM structures (Gul et al, 2022). 

 

 Fly Ash Brick Masonry is an eco-friendly substitute to the regular clay bricks (figure 1). Fly ash, 

being a by-product of the coal combustion process, is used to make environment-friendly bricks. The 

advantages of this material are: 

Waste Utilization:  Fly ash bricks utilize fly ash formed in an industrial process by reducing 

its landfilling. 

Energy Efficiency: Such bricks are built using lesser amounts of energy than usual bricks. 

In other words, the entire process is eco-friendly. 

 

Rammed Earth and Mud Structures are one of the eco-friendly as well as low-cost building resources, 

particularly for rural or developing areas. These structures are constructed using locally sourced materials, 

reducing transportation costs and environmental impact. Mud buildings have notable advantages including 

excellent moisture and noise control, along with being naturally fireproof. Furthermore, research shows that 

bamboo strips and dried jute threads can be used as reinforcing elements in these structures (Aizaz et al., 

2024). 

 

Marble waste is the by-product of marble processing industries, creating severe environmental problems. The 

collection of slurry and waste material hampers the ecology of the area. However, the research conducted in 

UET Peshawar has used marble waste in the production of bricks (figure 2). Marble waste bricks properly 

mixed and sun dried can offer a sustainable alternative to conventional construction materials while solving 

the problems of waste management (Zeeshan et al, 2021 and Adeel et al., 2023). 
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Table 1: Summary of Quasi-Static Test Results for DSBM Structures (Gul et al., 2022) 
 

Structure 

Type 

Maximum 

Load (kN) 
Displacement 

(mm) 
Drift (%) Ductility R-factor 

Unconfined 
DSBM 

96.17 16.43 0.49 2.02 1.75 

Confined 
DSBM 

148.63 62.00 1.85 7.57 3.76 

Retrofitted 

DSBM 

210.81 34.00 1.03 18.59 6.01 

 

 
Figure 1. Fly ash brick masonry 

 

 
Figure 2. Marble waste bricks 

 

Development of materials such as DSBM, Fly Ash Bricks, Rammed Earth/Mud structures, and recycled 

Marble Wastes shows a very bright future for the construction sector. These materials are enhancing the 
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seismic resistances of structures besides reducing costs, and they are adding greatly to the reduction of overall 

environmental impacts. Rammed Earth and Mud structures embedded with bamboo or jute provide very 

robust cost-effective solutions for rural and earthquake-prone areas. Research on marble waste utilization 

highlights the potential for turning industrial by-products into viable construction materials. As the industry 

progresses towards more sustainable practices, the integration of these materials can significantly reduce 

carbon emissions, water usage, and energy demands, providing a path towards environmentally responsible 

and affordable construction. However, research and innovation are needed for better optimization of these 

technologies and wide application. 
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Groundwater has provided a reliable source of high-quality water for human use. Rapid population and 

economic growth, urbanization, and unsustainable consumption of groundwater in domestic, industrial, and 

agricultural sectors have aggravated water scarcity in different regions of the World. After India, China and 

USA, Pakistan is the fourth largest groundwater user in the world and around 60x109 m3 volume of 

groundwater is extracted annually. However, in Pakistan the annual rate of groundwater recharge is around 

40-55x109 m3, which is less than the extracted water and results in continuous groundwater depletion. Such 

prolonged overexploitation of groundwater has raised concerns about the sustainability of groundwater 

resources in the region. In Pakistan, 80% of groundwater exploitation is by the private sector and there is no 

control or restriction on its abstraction. Landowners can install tube wells at any location in their land and 

extract unspecified amount of water at any time without considering its impact on the groundwater resources. 

As a result, water table depletes, and wells are getting out of production or groundwater pumping gets more 

expensive from deeper wells. 

 

In agriculture, traditionally rotation base approach is used in Pakistan to provide share of irrigation water to 

the farmers and homogeneous irrigation is applied over the entire field. Homogeneous irrigation of the entire 

field might not be resource efficient at all, because some parts might be irrigated which do not necessarily 

need irrigation water, while others might not be irrigated enough for optimal crop growth. As a consequence, 

too many resources might be used in terms of irrigation water and energy for pumping. The challenges in 

sustainable and resource efficient irrigation system are manifold. First, the underlying heterogeneity of the 

field has to be known. Second, the influence of these subsurface heterogeneities on the water balance and 

crop growth has to be known, and third, the irrigation system has to be adapted in a way that only those areas 

are irrigated which do need additional water. 

Domestically maintaining a perfect equilibrium between the society water demands and water supplies is of 

vital importance for sustainable water resources management. Due to rapidly increasing water demand in 

urban and rural areas, the easy solution is to increase water supply, which have largely elapsed. However, 

domestically water usage by the people is taken almost for granted. Only when there is an acute shortage, 

is the true value of water and efficient management realized. Furthermore, flat rate water billing is applied 

in urban areas, which provokes waste of water as no incentive is given to those households which save water. 

On the one hand, in terms of future service expansion the policy of flat rate does not generate enough 

revenues and on the other hand in long-run this results in poor level of service for the entire community. 

Over the last few decades, Pakistan has tried several strategies to manage the overexploitation of 

groundwater; however, finding a workable and viable solution remains a challenge. The overuse of 

groundwater in irrigation and domestic use is of major concern. Moreover, the key challenge in groundwater 

management for irrigation and domestic use is developing capacity to manage and monitor intensive 

groundwater use in our agricultural fields and urban centers. Pakistan’s first National Water Policy has been 

approved in April 2018, stating that a new organization “Groundwater Authority” will be established in each 

province to design a regulatory framework and enforce standards for the development and utilization of 

groundwater resources (table 1). 
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Figure 1. Smart Ground Water Monitoring Field Deployment and Measurements 

 

Table 1. Strategic Priorities of National Water Policy 2018 

Priority Strategy 

Groundwater Authorities 

Provincial governments shall establish groundwater 

authority to enforce legislation and take regulatory 

measures. 

Groundwater Management 

Groundwater management to determine sustainable 

groundwater potential and prepare groundwater 

budgets for sub-basins 

Groundwater recharge 
Artificial groundwater recharge shall be promoted 

wherever technically and economically feasible. 

Groundwater Table 

Groundwater table shall be so managed that it does 

not impede crop growth or causes land salinity or 

underground saltwater intrusion. 

Capacity Building 
Capacity building of Water Sector Institutions at the 

Federal and Provincial level. 

 

To overcome aforementioned challenges in the sustainable groundwater management in agriculture and 

domestic sectors of Pakistan, there is dire need of capacity building of stakeholders (groundwater users, water 

management authorities and research institutions) to develop a better understanding of demands and 

utilization of the groundwater resources. Workshops and training sessions with the farmers and communities 

can be arranged, which can be focus on the techniques used for water conservation and methods used for 

artificial groundwater recharge. There is dire need to provide professional development opportunities for the 

experts of water management authorities (Irrigation Department, Public Health Engineering Department, and 

Water Management Department etc.,) that should be targeted to improve the basic understanding of surface 

and groundwater hydrology, conceptual models for prediction of water flows, and enforcement of the 

developed regulations for groundwater management. Training can be arranged pertaining to the use of remote 

sensing, Geographic Information Systems (GIS), and data analytics to improve the understanding, monitoring 

and management of groundwater. Research institutions have to come forward to build low-cost indigenous 
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solutions and technologies to monitor the real-time groundwater usage, storage, recharge and depletion for 

sustainable groundwater management. Moreover, research institutions can develop applied interdisciplinary 

courses and tutorial modules related to sustainable groundwater management, which will help to fill the gap 

between the academia and practitioners. 

Digital platforms have to be developed where stakeholders can share data for sustainable groundwater 

management. The end users can share the data pertaining to the groundwater utilized and current status of 

groundwater quality and levels in the area. Water management authorities can provide access to the real-

time groundwater data to the other stakeholders to improve interpretation and decision-making. Research 

institutions have to provide open access to their latest research related to groundwater trends in the region, 

future predictions, innovation in technology and policy recommendations pertaining to the sustainable 

groundwater management. Digital platforms can be help to improve the stakeholder networking and 

collaborations to get social benefits (promote equity among groundwater users), economic benefits 

(optimize pumping, which reduces energy cost) and technical benefits (better estimates of water abstraction) 

for sustainable groundwater management. Digital platforms will help the water management authorities to 

strengthen regulatory frameworks by enforcing policies related to water rights, prior permission to install 

wells in specific locations, limits of groundwater withdrawal for sustainability of the aquifer. Research 

institutions and water management authorities can utilize the data shared on digital platform for climate-

resilient water and drought management plan that prioritize groundwater conservation during periods of 

water scarcity. 

 

In an attempt to address the aforementioned challenges in groundwater management, an innovative approach 

has been undertaken in collaboration with SCARP Monitoring Organization (SMO) of Water and Power 

Development Authority (WAPDA), to develop a low-cost smart groundwater monitoring system (SGMS), to 

monitor real-time groundwater depletion and couple measured data with Gravity Recovery and Climate 

Experiment (GRACE) satellite mission data to precisely estimate groundwater storage depletion at regional 

scale. The newly developed SGMS is tested and calibrated in the Department of Civil Engineering, 

International Islamic University, Islamabad, before deployment in the Bari Doab. The collected in-situ 

observations and GRACE data was downscale both spatially (from 0.25° × 0.25° to 0.01° × 0.01°) and 

temporally (from monthly to daily time scale) by using the two-stage machine learning algorithm (Boosted 

Regression Tree, BRT). The smart groundwater monitoring system provided in-situ real-time groundwater 

measurement at high special and temporal resolution (figure 1). Furthermore, in-situ and remote sensing data 

was used as an input data for groundwater simulator MODFLOW (i.e., GMS) to infer groundwater flow 

dynamics for at a local scale with daily temporal resolution. The proposed solution enables groundwater 

researchers and decision makers to have real-time access to the groundwater data and models with less cost 

and effort for sustainable groundwater management. Furthermore, the SGMS was installed in the aquifer 

recharge wells to access the impact of surface water recharge on the water levels in the recharge wells in real-

time. The newly developed and tested smart groundwater monitoring system can be easily adapted to other 

locations of Pakistan for sustainable groundwater management to save water for the generations to come. 
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Abstract- Concrete's mechanical properties are significantly influenced by the addition of 

steel waste fibers. This study investigates the impact of varying dosages of steel waste 

fibers on the performance of concrete cube specimens. Compression strength tests on 

cubes reveal a 39% increase in maximum strength when 1% steel waste is added, 

attributed to improved bonding between steel waste and the concrete matrix. However, it 

was concluded that higher dosages lead to fiber clustering and inadequate bonding, 

causing non-uniform distribution and localized stress concentrations, resulting in a 

modest loss in compressive strength. This study provides valuable insights into how 

different dosages of steel waste affect the mechanical properties of concrete, informing 

sustainable building practices and waste management strategies. 

Keywords- Concrete, Mechanical Properties, Steel Waste, Sustainable Construction.  

1 Introduction 

This research explores the mechanical properties of high-strength concrete reinforced with fibers, aiming to mitigate crack 

formation and enhance overall mechanical performance for practical applications. The introduction of steel fibers 

significantly improves concrete's ability to withstand tension, leading to the development of steel fiber reinforced concrete 

(SFRC) [1]. Studies have shown that incorporating steel waste fibers into concrete enhances its mechanical properties, 

contributing to more durable and structurally robust constructions [2, 3]. Sustainable construction methods have increased 

interest in utilizing industrial waste materials in concrete. Steel waste fibers have shown promising results in improving 

concrete's mechanical properties, but further investigation is needed to determine their optimal concentration and impact 

on different concrete components [4]. 

During a past study program, it was concluded that the concrete's ductility and stiffness improved with the inclusion of 

steel scrap [5]. However, the study observed that with the increasing amount of metal scrap, the workability of the concrete 

decreased. This finding suggests that there is a trade-off between the improvement in strength properties and the ease of 

working with concrete. Despite the reduction in workability, the results highlight the potential benefits of incorporating 

steel scrap waste into concrete mixes to enhance its overall mechanical properties [1]. The authors used various percentages 

of steel scrap ranging from 0% to 1.5% by volume. A total of twelve cubic specimens and twelve-cylinder specimens were 

prepared and subjected to laboratory testing after 28 days of curing. The test results demonstrated that the addition of scrap 

steel had a positive impact on the concrete's compressive and split tensile strengths. Notably, the inclusion of 1.5% scrap 

steel by volume increased the compressive strength by 5.3%, 0.75% by volume led to a substantial increase of 30.7%, and 

0.5% by volume resulted in a notable rise of 26.8%. Similarly, the splitting tensile strength of the concrete also showed 

improvement with the addition of scrap steel. At 0.5% by volume, the splitting tensile strength increased by 11.2%, at 

0.75% by volume it rose by 5.8%, and at 1.5% by volume, there was a 2.5% increase in splitting tensile strength. 

Additionally, as the amount of scrap steel incorporated into the concrete increased, the peak strain and elasticity modulus 

of the material also noticeably rose. [1].  

Aiello et al. conducted a study with the aim of exploring the mechanical behavior of concrete reinforced with recycled 

steel fibers (RSF) derived from used tire rubber through a mechanical process  [6]. The researchers performed pull-out 

tests to evaluate the bonding characteristics between the concrete and RSF, enabling them to determine the optimal fiber 

length for reinforcement. Additionally, flexural tests were conducted to investigate the post-cracking behavior of the RSF-

reinforced concrete (RSFRC). The study also examined the compressive strength of the concrete for different volume ratios 

of RSF and included samples reinforced with industrial steel fibers (ISF) for comparison. The findings revealed that the 

Page 26 of 231

mailto:fiaz.tahir@uettaxila.edu.pk
mailto:meharaliali25@gmail.com


6th Conference on Sustainability in Civil Engineering (CSCE’24)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 24-101   

bond between the recycled steel fibers and the concrete was satisfactory [7]. However, despite the uneven geometrical 

characteristics of the fibers, they did not seem to have a significant impact on the compressive strength of the concrete. 

Overall, the study demonstrates the potential viability of utilizing recycled steel fibers from used tire rubber as an 

alternative reinforcement in concrete. While the bonding characteristics were satisfactory and the compressive strength 

was not significantly affected, the post-cracking behavior may differ from that of concrete reinforced with industrial steel 

fibers. These findings provide valuable insights into the mechanical performance of RSF-reinforced concrete and open 

new avenues for sustainable and eco-friendly practices in the construction industry. In this study program experiments 

were planned to evaluate the enhancement in mechanical properties of concrete and its cracking behavior. This study aims 

at exploring the mechanical properties of concrete through (a) Preparation of control mix for cubes, (b) Varying the dosages 

of steel waste fibers in the mix, (c) Performing strength tests on cubes. 
Fiber reinforced concrete has various applications in civil infrastructure projects, offering greater durability and reduced 

maintenance [2, 8, 9]. The study reveals that fibers improve the strength and durability however, achieving uniform 

distribution of fibers throughout the concrete mix is crucial for its effectiveness[10, 11].This study investigates optimal 

dosages of steel waste fibers and their impact on concrete. Unlike previous studies, it compares varying fiber concentrations 

with industrial steel fibers, offering insights into sustainable construction. The findings demonstrate how specific dosages 

enhance concrete performance, supporting eco-friendly construction practices. 

2 Research Methodology  

In this study twelve specimens were tested. The specimen nomenclature was decided according to percentage of fibers and 

is elaborated in Table 1. 

Table 1: Nomenclature of cube specimen 

2.1  Material and Methods 

In this study it was ensured that well graded coarse aggregate was used. The gradation curve of the coarse aggregates is s 

shown in Figure 1. The sand used in the mix was the Lawrencepur sand. The gradation curve of fine aggregates is shown 

in Figure 2.  

Figure 1: Gradation Curve of coarse 

aggregate. 
Figure 2: Gradation curve of fine 

aggregate 
Figure 3: Compressive Strength of 

Concrete with steel waste fibers  

 

Sr. No. Specimen ID Mix Proportion W/C Ratio 
Steel Fibers Percentage 

(w.r.t binder) 

1 CN (1) 1:1:2 0.45 0 % 

2 CN (2) 1:1:2 0.45 0 % 

3 CN (3) 1:1:2 0.45 0 % 

4 C1 (1) 1:1:2 0.45 1% 

5 C1 (2) 1:1:2 0.45 1% 

6 C1 (3) 1:1:2 0.45 1% 

7 C2 (1) 1:1:2 0.45 2% 

8 C2 (2) 1:1:2 0.45 2 % 

9 C2 (3) 1:1:2 0.45 2 % 

10 C3 (1) 1:1:2 0.45 3 % 

11 C3 (2) 1:1:2 0.45 3 % 

12 C3 (3) 1:1:2 0.45 3 % 
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The steel chips (SC) or fibers (SF) Utilized in this study was obtained by the process of recycling old and waste steel found 

in the local market of Taxila at cheap rates. Results show the gradation curve of steel waste fiber is well graded. The mixer 

has capacity greater than one cubic yard and set  according to ASTM C94/C94 M-21 [12] minimum revolution of 100 and 

mixing time range 1-5 minutes after putting water, cubes having size of 70 x 70 x 70 mm are used. The twelve cubes were 

cast having three cubes of normal mix, three containing 1%, three containing 2% and three containing 3% steel waste of 

binder material respectively. We used the mixed ratio of cement, sand, and coarse aggregate as 1:1:2. The water cement 

ratio used is 0.45. The water used during the casting process is drinkable water. 

2.2 Procedure of Testing 

One of concrete's most important qualities is its compressive strength because it reflects the material's overall effectiveness. 

On cube specimens of 70 mm x 70 mm x 70 mm, a compressive test was performed in a CTM machine with a 5000 kN 

capacity. As per ASTM C39, the machine's loading rate is between 20 and 50 psi, or 2.5 and 6.5 kN in our Specimens. The 

test was carried out on a cube containing three specimens of the control mixture, three specimens of 1% steel waste, three 

specimens of 2% steel waste, and three specimens of 3% steel waste. The 12 cubes were tested in the on the Compression 

Testing Machine in the concrete laboratory of UET Taxila. All specimens of control mix and specimens of waste were 

tested. The first cracking and ultimate cracking load on the cube is noted. 

3 Results & Discussion 

During the test cracking strength, ultimate strength, average cracking, and average ultimate strength of cube specimens 

were recorded and is presented in Table 2. 

Table 2: Compressive strength test results  

 

The compressive strength of cube having control mix is obtained almost 25 MPa which is the ultimate compressive strength 

of concrete having mix ratio of 1:1:2 after 28 days. The ultimate compressive strength of cube containing 1% waste is 

increased by 39% and is increased by 28% by adding 2% steel waste and is increased by 23% by adding 3% steel waste as 

compared to the control mix. The Cubes show a maximum strength at 1% dosage of steel waste. However, by further 

adding of steel waste dosage (beyond 1%) the compressive strength is slightly decreased. The maximum compressive 

strength achieved at 1% dosage which is 39% greater than the control mix. The experimental results of Akhtar Gul [13] 

also point to the concrete losing compressive strength when steel waste is added in large quantities. One percent waste has 

a compressive strength that is higher than the control mix, whereas two percent waste has a compressive strength that is 

slightly lower than one percent waste's and higher than the control mix. The higher dosage of waste reduced the strength 

of concrete due to the loss in the workability and balling effect. The strength up to a certain limit is increased due to the 

bridging action of the fibers with the concrete matrix. Individually the minimum compressive strength shown by specimen 

C2 (3) and maximum is achieved by C2 (2) which is 46.32 MPa. The 3 specimens of each dose are tested and then taken 

the average of these. The overall maximum strength is achieved by the sample containing 1% steel waste. The maximum 

Cube 
Cracking 

Load (Kn) 

Ultimate 

Load (Kn) 

Area 

(Mm2) 

Cracking 

Strength 

(Mpa) 

Ultimate 

Strength 

(Mpa) 

Average 

Cracking 

Average 

Ultimate 

CN (1) 125 143 4900 25.51 29.18 

17.75 24.89 CN (2) 82 112 4900 16.73 22.85 

CN (3) 54 111 4900 11.020 22.65 

C1 (1) 98 158 4899 20.004 32.25 

25.37 34.62 C1 (2) 164 164 4900 33.469 33.46 

C1 (3) 111 187 4900 22.653 38.16 

C2(1) 99 135 4863.5 20.35 27.75 

19.71 31.97 C2 (2) 83 227 4900 16.93 46.32 

C2 (3) 107 107 4900 21.83 21.83 

C3 (1) 128 154 4900 26.122 31.42 

22.99 30.81 C3 (2) 92 144 4900 18.775 29.38 

C3 (3) 118 155 4900 24.081 31.63 
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cracking strength is shown by specimen C1(2) which is 33.469 MPa that is mentioned above in table no.1. The minimum 

cracking strength is shown by the specimen CN (3) which is almost 11 MPa. The average cracking strength is also increased 

up to the dosage of 1% and decreased by adding more dosage of the waste in the specimens due to the same reason that is 

mentioned above. Figure 3 shows that both the average cracking and ultimate compressive strengths of concrete initially 

increase with the addition of steel waste fibers, peaking at 1% fiber content. Beyond this point, the strengths decrease, 

indicating a diminishing return as fiber content increases. Specifically, the highest ultimate compressive strength is 

achieved at 1%, with subsequent additions leading to a decline, suggesting that 1% steel waste fiber is optimal for 

enhancing concrete strength. 

4 Conclusion 

In conclusion, the addition of steel scrap fibers significantly improves the compressive strength of concrete. The concrete 

cubes with 1% steel waste showed a 39% increase in strength, those with 2% showed a 28% increase, and those with 3% 

showed a 24% increase. The optimal strength was achieved with 1% steel waste, but higher dosages decreased workability 

and strength. These findings highlight the importance of precise dosage optimization for enhancing mechanical properties 

and support sustainable construction practices.  
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Abstract- The current study aims to examine the effects of indigenous Volcanic Ash (VA) 

on mechanical and permeation properties of concrete upon partial substitution of Ordinary 

Portland Cement (OPC). The study further aims to search out the most probable benefits 

and the constraints of use of VA in concrete mixes as partial replacement of cement. The 

VA has been used as partial replacement as percentage of Binder (with ratios as 0% (the 

Control Mix), 5%, 10%, 15%, 20%, 25%, 30%, 35% and 40% of Binder) to examine the 

impacts on mechanical and permeation properties of concrete. The W/B ratio (0.5) was 

kept the same for all the mixes. Slump Test was also performed to determine the 

workability of concrete for each above-mentioned ratio of VA. It was found that 

increasing the ratio of VA content in concrete reduced workability. The ideal concrete 

mix is known to have a 10% VA component in place of cement since it meets the 

requirements for both the Control Mix's mechanical and permeation qualities. 

Keywords- Indigenous Volcanic Ash, Workability, Compressive Strength, Splitting Tensile Strength, Water 

Absorption, Permeability. 

1. Introduction 

Over the past few decades, the construction industry has significantly contributed to urbanization and industrialization. 

Construction activities produce approximately 30% of waste and 40% of CO2 emissions. The manufacture of hydraulic 

cement alone contributes to roughly 7-9% of the total global carbon dioxide emissions [1]. Cement factories account for 

approximately five percent of the world's carbon dioxide emissions. We can reduce CO2 emissions in construction by using 

alternative cementitious materials instead of traditional cement. To protect the environment, regulate waste, enhance air 

quality, and preserve ecological integrity, the construction sector needs to incorporate sustainability. Several scholars have 

examined the use of volcanic ash (VA) in mixed cement [2]. Across the globe, over 50 nations yield volcanic ash (VA) 

and its associated products, such as pumice, in significant quantities. Italy stands out as one of the foremost producers of 

volcanic ash materials [3][4]. Other notable producers include Chile, Canada, Spain, Turkey, and the United States. 

Volcanic ash has been extensively researched as a potential substitute for cement, tested at varying proportions ranging 

from 0% to 20% [5][6]. The findings indicate that incorporating volcanic ash as a cement alternative enhances compressive 

strength [7]. Volcanic Ash (VA), a natural pozzolanic material abundant in Pakistan, is a potential candidate. This research 

aims to assess the impact of using VA as a partial replacement for cement on the mechanical and permeability properties 

of concrete, while also considering the potential cost benefits. This research aims to develop an eco-friendly and cost-

effective concrete by partially replacing cement with a natural pozzolanic material, Volcanic Ash (VA), readily available 

in Pakistan. The primary goal is to investigate the influence of VA on the mechanical properties and durability properties 

of the concrete.  

2. Research Methodology  

2.1    Materials 

In the study under consideration, locally manufactured Ordinary Portland Cement has been used that met the required 

ASTM C-150 Type-1 (Normal) [8]. The indigenous VA has been used obtained from the source situated in Chilas (Gilgit 

Baltistan), Pakistan. This investigation utilized naturally sourced coarse sand from the Lawrancepur quarry as the fine 
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aggregate (FA) in the concrete blends. Moreover, well-graded granite crushed aggregate from Margalla Hills served as the 

coarse aggregate. Various tests were conducted to assess different properties of the concrete. Workability was evaluated 

following ASTM C-143 standards [9], compressive strength was measured in accordance with ASTM C-39 [10], splitting 

tensile strength was assessed per ASTM C-496 guidelines [11], permeability testing followed IS-3085 standards, and water 

absorption testing was conducted as per ASTM C-642 [13]. 

2.2. Mix Proportioning 

The mix proportioning for the various concrete mixes is given below in Table 1. The samples were cured for 28 days under 

ambient temperature. 

Table 1: Concrete Mix Proportions 

3. Results and Discussions 

 
Figure 1:  Workability Results of Concrete Mixes   Figure 2: Compressive Strength Results of Concrete Mixes 

 

3.1.   Workability Test 

It is clear from the graphical representation workability results in Figure 1 that it has decreased with the increased 

concentrations of the VA in the concrete. VA-40 has slump as 38 mm which is nearly 49% less than that of control mix 

concrete. It may be said that workability of fresh concrete decreases by increasing the concentration of the VA in the same 

that is most likely due to that the VA had smaller particle size and higher value of fineness making it more absorbable 

upon addition of water. 

3.2.   Compressive Strength Test 

The compressive strength results have been represented in the Figure 2. Upon addition of VA, at first the compressive 

strength increases but then tends to decrease. The maximum compressive strength of concrete is with VA-10 (nearly 9.8% 

more than that of VA-00). Exothermic chemical reaction beween cement and water produces C-S-H gel, a cemetious 

compound and C-H, a non-cementious one. When VA is added, it reacts with C-H resulting into production of cemetious 

compounds in addition which ipmroves the strength upto VA-10 as compare to VA-00. Further increase in concentration 

of VA, will result in decrease in the strength as excessive quantity of VA beyound requirements of produced C-H will act 
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VA-35 208 112 160 640 1280 
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as only a non cemetious fine agrregates like sand. It may also be because of enhanced substitution of cement with VA, 

lowering the cementious proportions in the mix [14]. 

 
Figure 3: Spilitting Tensile Strength Results of Concrete Mixes             Figure 4: Permeability Test Results of Concrete Mixes 

 

3.3    Splitting Tensile Strength Test 

The obtained results for splitting tensile strength have been represented in the Figure 3. Once the VA is added to the 

concrete, at first the spilitting tensile strength of the concrete increases but then tends to fall down. The maximum value 

was obtained for the Mix VA-10 (nearly 9.6% more than that of VA-00). The values of tensile strength of concrete are 

more than that of VA-00 with the concentrations of VA-05 and VA-10  whereas the values of tensile strength are less than 

that of control mix having concentrations of VA-15 or higher. It could be due to the chemical reaction of SiO2 in VA with 

C-H. As a result, the amount of C-H reduced while C-S-H increased, improving the splitting tensile strength of concrete. 

As IVA increases from 15% to 40%, the splitting tensile strength of concrete decreases. It could be because replacing 

cement with IVA decreases the cement content of the mix [15]. 

 

3.4 Permeability of Concrete 

The obtained results for permeability of concrete have been represented in the Figure 4. When VA is added to the concrete, 

at first the permeability of the concrete decreases but then tends to rise after having the lowest value at VA-10. The 

minimum said preamability of concrete is with the concentration of VA-10 (nearly 25% more than that of Control Mix ). 

However, due to further increased concentration beyond VA-15, high porosity of VA due to its fine particles results in 

overall porosity of the Concrete i.e., resulting into increased Permeability as compare to that of VA 10. 

 

3.5 Water Absorption Test 

 
Figure 5 illustrates the water absorption outcomes for various concrete blends. Upon the addition of volcanic ash to the 

concrete mixtures, there is initially a decline in water absorption. However, this trend shifts after reaching its minimum at 

VA-10, with water absorption tending to increase thereafter.The minium said water absorption is with the concentration 

of VA-10. However, due to further increased concentration beyond VA-15, high porosity of VA due to its fine particles 

results in overall porosity of the concrete. 
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4. Conclusions and Recommendations 

This comprehensive study on cement replacement in concrete yields several key findings: 

• The slump value of Concrete VA-40 is approximately 50% lower than that of the Control Mix Concrete (VA-00). 

• The compressive strength of Concrete VA-10 at 28 days exhibits the highest value, with an increase of nearly 

9.8% compared to the Control Mix (VA-00). 

• Similarly, the splitting tensile strength of Concrete VA-10 at 28 days achieves the maximum value, showing an 

improvement of approximately 10.7% over the Control Mix Concrete (VA-00). 

• Concrete VA-10 demonstrates the lowest coefficient of permeability at 28 days. 

• Moreover, the water absorption of Concrete VA-10 at 28 days records the lowest value among the studied mixes. 

A few recommendations based on the same, are stated as under: 

• It is advisable to work on other properties like Shrinkage Analysis and Toughness Testing of Concrete using VA 

as SCM would provide valuable insights.  

• Study on Bricks made from the Concrete using VA as SCM as well as partial use of VA in making Bricks 

conventionally. 
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Abstract- This study aimed to assess the viability of steel slag as a substitute for natural 

coarse aggregates for road and concrete works. The slag aggregates underwent evaluation 

based on impact value, crushing strength, bulk density, abrasion value, and flakiness 

index. Concrete samples incorporating steel slag aggregates were then prepared and 

compared against those containing natural coarse aggregates in terms of physical and 

durability performance. For this investigation, a 1:2:4 (M15) concrete mix design was 

targeted. Results indicated that the slag aggregates exhibited an impact value of 29.5%, a 

bulk density of 1208 kg/m³, an elongation index of 10.8%, a crushing value of 31.3%, 

and a flakiness index of 10.95%. The prepared concrete samples demonstrated a water 

absorption rate of 4%, a Rebound number of 22, and a wet surface skid resistance of 56 

on the British Pendulum scale. The findings suggest that steel slag aggregates hold 

promise as a viable alternative to natural aggregates in concrete production. This 

substitution offers several advantages, including the environmentally sound disposal of 

slag waste, the promotion of green concrete and road practices, and potential cost 

reductions in construction projects. These benefits align with the sustainable development 

goals outlined by the United Nations. 

Keywords- Concrete, Performance, Road, Slag Aggregates.   

1 Introduction 

About 12 million tons of concrete are being used world widely every year for construction purposes. Natural aggregates 

for concrete are acquired from rocks and mountains. Excessive use of natural rock in construction is disrupting the naturally 

balanced environment of the world by introducing air pollution, earthquakes, and landslides due to bombarding, volcanic 

eruptions, and non-recoverable resources loss. Using steel slag instead of traditional coarse aggregate for construction 

would reduce pollution, unbalanced environment, cost of construction and ensure safe disposal of steel slag. Several studies 

are available on the use of steel slag for use in cementitious materials. Some important and recent studies are mentioned 

here. Sezer et al. used steel slag as a partial replacement for natural fine, and coarse aggregates. The slag had a higher 

density than the natural aggregates. This not only enhanced the density of concrete, but also decreased the strength. The 

strength loss was more prominent where, fine aggregates were replaced with the slag particles [1]. Lai et al. used steel slag 

in percentages from 0-80% as a partial replacement of natural coarse aggregates. The authors revealed that the optimum 

value for strength enhancement of concrete is 50% [2]. Nguyen et al. investigated the effect of steel slag as a full 

replacement of natural coarse aggregates on the compressive strength of concrete. The main objective of the research was 

to examine the effect of age on compressive strength of slag concrete. Three types of concrete samples were prepared. The 

effect of higher cement content and lower sand and steel slag contents were studied. The results demonstrated an increase 

in strength of slag concrete up to an age of one year [3]. Jalil et al. used steel slag as a partial replacement of cement for 

making green concrete. The results showed that the slag has little pozzolanic value and the strength drastically reduced 

with the increasing slag content [4]. This work is an extension of our previous research. The previous study showed that 

slag has no cementing or pozzolanic value. Therefore, in this study the slag was used as a 100% replacement of coarse 

aggregates for making an eco-friendly concrete. The novelty of the work lies in the fact that a complete chemical, physical 

and mechanical analysis of the slag was performed before deciding its suitability for concrete work. The previous studies 

while address the physical and chemical analysis did not focus of the mechanical properties of the slag. The prepared 
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samples were evaluated in terms of water absorption for durability, rebound number for strength and skid resistance for 

safety in concrete pavements.   

2 Research Methodology  

2.1 Materials 

For this study, steel slag was sourced from a local steel factory and subsequently converted into aggregates through a 

crushing process. The waste slag and resulting aggregates are depicted in Figure 1. Specifically, aggregates passing through 

a 37.5 mm sieve and retained on a 9.5 mm sieve were selected for use as coarse aggregates in the experimentation. The 

concrete samples were prepared as per ASTM C31 specifications [5]. Two types of specimens were prepared for testing 

purposes, cylindrical and rectangular slabs. Rectangular slabs were specifically used for performing skid resistance test 

while the other tests were performed using concrete cylinders such as hardened density test, water absorption, acidic attack 

and Schmidt hammer test. 

 

Figure 1: Waste steel slag (a) raw form, (b) coarse aggregates. 

2.2 Testing 

The impact value of the aggregates was determined through D5874-16 method [6]. The elongation and flakiness indices 

were worked out through ASTM D4791-19 standards [7]. The crushing value was determined by ASTM D5821 standard 

method [8]. The abrasion value was determined by ASTM C131/C13M-14 [9]. The bulk density was determined by ASTM 

C29/C29-17 method [10]. Once the aggregate properties have been determined, the aggregates were mixed in a concrete 

mix 1:2:4 (M15). This is a common mix used for ordinary concrete works. Grade 53 OPC cement, Mangla reservoir sand, 

and tap water were used for making concrete. The hardened density, and water absorption were determined by ASTM 

C642-21 method [11]. The resistance to acid attack was measured through ASTM C1898-20 method [12], while the skid 

resistance and Schmidt rebound number were determined through ASTM E2340 2021[13] and ASTM C805/C805M-18 

[14] respectively.  

3 Results 

3.1 Characterization of Slag Aggregates 

The characteristics of the slag aggregates are compared with the natural limestone aggregates and the comparison is 

presented in Table 1.  

Table 1: Comparison of characteristics of slag and natural aggregates 

Sr. No. Test on Aggregate Natural Limestone Aggregate Slag Aggregate 

1 Impact value 13.20% 29.50% 

2 Crushing strength 28.20% 31.35% 

3 Bulk density 1601 kg/m3 1369.8kg/m³ 

(a) (b) 
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Sr. No. Test on Aggregate Natural Limestone Aggregate Slag Aggregate 

4 Abrasion value 30% 34.28% 

5 Flakiness Index Less than 15% 10.95% 

6 Elongation Index Less than 15% 10.81% 

 

The impact value of 10-20% designate the aggregates strong enough for all concrete works, whereas an impact value of 

10-30% is designated as satisfactory for road works. This indicates that the impact value is a bit inferior to that of the 

natural aggregates. According to ASTM D5821, the crushing value of the aggregate shall not exceed 30% [8]. Here, the 

crushing value of steel slag material turns out to be 31.35%. Materials with lower crushing values are suitable for roads 

and pavements, as well for dense carpeting and bituminous dressing. According to ASTM C29 standard, the ideal Bulk 

Density range of aggregate is 1200-1750 kg/m³[15]. However, the bulk density of steel slag aggregate comes out 

approximately 1370 kg/m³. The obtained density value represents that the concrete mixture can provide good structural 

support and durability along with light weight structures. The abrasion value of steel slag turned out 34.28%; this value 

makes the aggregates suitable for a variety of works concrete and road works except the bituminous concrete surface coarse 

[9]. According to ASTM 4791-10 Standard, the flakiness index for road construction should remain in the limit of 15%, 

normally and should not exceed 25% [8]. The flakiness index of steel slag aggregate came out 10.95% which is quite 

within the limits for road construction. The elongation index is approximately 11%. According to ASTM D4791-19 

standards, the elongation index should remain within the limit of 15% when it comes to aggregate and construction of 

roads. For pavements with bitumen included in the mixture, the value can go beyond 20 to 25 percent.  

3.2 Concrete Containing Slag Aggregates 

The Fresh and Hardened Density value obtained by performing the test is approximately 2292kg/m3 and 2333kg/m3 

respectively. The density of ordinary concrete ranges from 2200 to 2400 kg/m3 [16]. The experimental density shows that 

the material can provide high performance where integrity of structure and protection is concerned. The skid resistance 

results are shown in Figure 2. According to ASTM E303, the obtained skid resistance value of 56 for wet surface represents 

an extremely low chances of slipping [17]. The dry surface skid resistance value represents that the concrete is appropriate 

for heavy duty [18].  

 

 

Figure 2: Skid resistance of slag concrete.  

For acid attack test, the concrete cylinders containing natural and slag aggregates were dipped in 5% concentrated sulfuric 

acid. The compressive strength of the mixes cured for 28 days was measured before and after the test. The strength of 

concrete reduced by 18% and 22% respectively for natural and slag aggregates.  The strength factor calculated before 

dipping into the acid, came out to be approximately 20% for the cylindrical steel slag concrete sample. On average, upon 

keeping the sample into the 5% H2SO4 mixed with water, the compressive strength value came out to be approximately 

18%. The reduction in strength is an indication of lower resistance of slag against the acidic attack. The rebound number 

for concrete came out to be 30 and 22 for natural and slag aggregates respectively. Although Rebound number test is not 

considered to be a true measure of the quality, yet the lower number for slag is an indication of a lower strength for slag 

concrete.  

4 Practical Implementation 

The characteristics of the slag aggregates given in this work can guide the designers to adapt them in road and concrete 

structures. This will ensure a sustainable construction. The cost of the project will also reduce. The use of steel slag will 

5
6 6
1
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result in lightweight structures, which are much beneficial in many practical situations like lightweight concrete, 

nonstructural concrete, subbase and base layers in roads, and more specifically in blended form, where these aggregates 

can be combined with the natural aggregates.  

5 Conclusion 

From this experimental work, the following conclusions are derived 

1 The slag aggregates have an impact value of less than 30, which make them suitable for road works. The slag 

aggregates are light in weight (only 1370 kg/m3) and thus shall reduce the dead weight of the structure. This makes 

them suitable for works, where lightweight members are required like subbase and base Layers in Road Construction, 

Precast concrete products, and pavement bedding etc.  

2 The slag aggregates have adequate elongation (10.9%) and flakiness (10.8%) indices, whereas the crushing strength 

is 31%, which is a slightly lower than that of the natural aggregates. 

3 The slag concrete offers suitable skid resistance in both dry (61 on British Pendulum scale) and wet conditions (56 

on British Pendulum scale)however their resistance to chemical attack is lower than that of the concrete containing 

natural aggregates. The concrete containing slag concrete exhibits adequate water absorption characteristics and 

therefore can be considered as durable against moisture transport.  
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Abstract- Manufacturing of bricks with compression and stabilization is an ancient 

technique used from the decades. In this technique, mainly locally available soil is used 

as raw material along with certain stabilizer. Cement and lime are mostly used as 

stabilizers in the previous researches. Soil along with stabilizer is molded in the 

compression machine which applies a pre-defined amount of pressure to cast a brick 

sample. Cement is used as stabilizer in this study and due to adverse environmental effects 

of cement production process, the amount of cement used as stabilizer was kept minimum 

5%. Comparison is done between controlled samples (CS) of 0% cement stabilizer and 

5% cement stabilizer used for the preparation of compressed stabilized earth bricks 

(CSEBs). Water absorption test is a durability test done on CSEBs resulting 12.23% water 

absorption of CSEBs while CS units completely deteriorated during 24-hour submersion 

in water. Compression test was done on the brick samples in the universal testing machine 

and 28 days average compressive strength was found 416.4 psi for stabilized brick unit 

and 212.4 psi for controlled samples. This 96% increase in the compressive strength of 

stabilized units depicts the strengthening behavior of minimum (5%) cement content. 

Masonry prisms of 18”x18” was fabricated using the designed stabilized brick unit and 

mortar used was mud mortar with the compressive strength of 291.5 psi. The compressive 

strength and modulus of elasticity of masonry prism was found to be 171.27 psi and 41.4 

ksi which indicates that the designed brick unit can be used as a construction material for 

single storey building. 

Keywords- CSEB, stabilized, cement, masonry, brick unit, compression test 

1 Introduction 

Residential building are made of walls built with brick units and combined with the help of mortar [1]. Bricks commonly 

used are fired clay bricks which releases a large amount of energy and carbon dioxide CO2 [2]. To be more specific, CO2 

emission from conventionally used fired clay bricks is 200 kg/t which is very alarming for the environment [3].  An 

alternative measure of these fired clay bricks is unfired clay bricks for construction [4]. Compressed stabilized earth bricks 

(CSEB) is also a type of unfired clay brick. CSEB are made by using soil as raw material, stabilizing the soil with certain 

stabilizer and compressing the mixture in a compressing machine [5]. These stabilized blocks are very efficient for low 

cost housing [6]. These CSEBs are cheap, affordable, easy to use, sustainable, fire resistant and environmentally friendly 

to be used as construction material in the industry [7]. Different materials are used for the stabilization in CSEBs and each 

material have its own effect on the properties of CSEB. Cement stabilization is very effective and it enhances all the 

properties such as strength, water resistant, erosion resistance, and reduces shrinkage of bricks [8]. Compression of brick 

sample while molding also has great effect on the properties of CSEB units. As dry density of brick is increases with 

compression so it can be stated that compressive strength also increases with compression [9].  

In a study 8% cement, 46% quarry dust and 46% granite sludge were used in varying proportions and concluded that 

stabilized block have greater strength than ordinary adobe block [10]. Achievement of low cost housing is possible 

practically is stabilizing materials are used properly in proper proportions [11]. Cement increases the strength of units [12]. 
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2 Research Methodology  

2.1 General 

In this study, soil was first tested for the basic properties. After that cement was tested for finess which was passing the 

criteria specified by ASTM C184-94. CSEB sample moulding was done in the compression machine by pouring the soil 

in the mould and then mechanical compression and vibration is applied to fabricate the brick unit. Compression test was 

done on brick sample according to ASTM C67 to find the compressive strength of units. After that water absorption test 

(ASTM D570) was done to find the durability behaviour of CSEB units. Two types of samples, controlled and stabilized, 

were prepared for the compression testing of brick unit to compare the stabilized sample with controlled sample. Masonry 

prism fabrication was done using the pre-designed clay mortar of compressive strength 291.5 psi. Lastly, compressive test 

on the masonry prism according to ASTM C1314 concluded the study. 

2.2 Compressive Test on Brick Unit 

Brick unit of standard size having area A (in2) is placed in the universal testing machine (UTM). Two rigid plates are 

placed above and below the brick unit for the uniform distribution of load as shown in the figure (1). Load is applied up to 

the rupture of brick. The value of this load is noted as P (lb). 

 

Figure 1: Experimental setup for CSEB unit compressive strength 

2.3 Compressive Test on Masonry Prism 

Masonry prisms were tested for compression in the universal testing machine (UTM).  The load capacity of UTM is 50 

tons. Size of masonry sample used for testing was 18”x18”. Linear variable digital transformer (LVDT) were attached on 

both sides of masonry prisms as shown in figure (2) to detect the linear shortening of masonry sample under compressive 

loads. The LVDTs were connected with data logger to obtain stress strain data. 

 

Figure 2 Experimental setup for masonry compressive strength 
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3 Results 

3.1 Soil Test Results 

The results of all the basic tests done on soil are given in table 1. 

Table 1: Soil test results 

Test Results Test Results Test Results Test Results 

Moisture Content 7.30% Liquid Limit 39% Plasticity Limit 15% Specific gravity 2.53 

3.2 Water Absorption Test Results 

Water absorption test is done according to ASTM C67-94. Results of this test are given in table 2. 

Table 2: Water absorption test results 

Dry weight (kg) Wet Weight (kg) Water Absorption (kg) % WA Average % WA COV (%) 

3.541 4.012 0.471 13.301 

12.232 9.72 

3.601 3.994 0.393 10.914 

3.518 3.953 0.435 12.365 

3.598 3.998 0.4 11.117 

3.61 4.096 0.486 13.463 

3.3 Brick Unit Compressive Test Results 

Compressive strength is an important parameter to be found for CSEB units. Five samples of each CSEB units with 5% 

cement and controlled sample (CS) with 0% cement were tested for compressive strength at the ages of 3 days, 14 days 

and 28 days. The results are given in table 3. 

Table 3: Compressive test results for CSEB and CS 

Sample Name Compressive strength (P/A) in psi  

(CSEB samples 5 % cement) 

Compressive strength (P/A) in psi  

(Controlled samples 0% cement) 

3 day 7 day 28 day 3 day 7 day 28 day 

Sample 1 150 271 416 78 132 201 

Sample 2 157 265 408 63 121 214 

Sample 3 147 289 412 72 125 209 

Sample 4 141 280 425 81 118 217 

Sample 5 159 276 421 85 135 221 

Average  150.8 276.2 416.4 75.8 126.2 212.4 

3.4 Masonry Prism Compressive Test Results 

In this study three samples of single wall of size 18” x 18” were tested and stress strain response was detected with data 

logger connected to testing machine. Properties of masonry prisms and results are given in table (4) and stress strain 

behavior of masonry is shown in figure 3. 

Table 4: Masonry prism compressive test results 

Sample  

Name 

Size of specimen (in) Maximum  

Load (Ton) 

Maximum 

 Stress (psi) 

Modulus of  

elasticity (ksi) Length Width Thickness 

Prism 1 18.3 18 9.1 14.4 193.8 40.76 

Prism 2 18 18.5 8.8 12.1 163.4 44.1 

Prism 3 18.5 18.2 9.3 12 156.6 39.2 

Average Values 12.8 171.3 41.4 
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Figure 3: Stress strain curve for masonry compressive test 

4 Conclusion 

Following are the conclusions that can be drawn from the study conducted: 

1 Water absorption of CSEB is 12.23% which is less than water absorption of 1st class brick. This depicts durable 

behavior of CSEB unit to be used in rainy season. 

2 The compressive strength of CSEB units (5% cement) increased by 96% to that of CS with no cement content. 

3 Average compressive strength of masonry is found to be 171.3 psi which is 41% of brick unit strength and average 

modulus of elasticity is 41.4 ksi. Compressive strength and modulus of elasticity of masonry prisms yield satisfactory 

results to be used in single storey low cost housing in the developing countries. 
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Abstract- This study investigates the behavior of Ultra High-Performance Concrete 

(UHPC), a material renowned for its exceptional strength and durability. UHPC has 

garnered global attention for its potential to enhance sustainability and prolong the 

lifespan of buildings and infrastructure. Despite its growing prominence, challenges such 

as limited knowledge, the absence of standardized design codes, and high production 

costs hinder its universal acceptance. To address these challenges, research initiatives 

have been undertaken globally, including substantial programs in Germany, South Korea, 

and Malaysia. This research work encompasses comprehensive mix design, sample 

preparation, and compressive strength testing. Notably, UHPC specimens achieved an 

average compressive strength of 80 MPa at 7 days and 121 MPa at 28 days, significantly 

outperforming conventional concrete. The factors contributing to this exceptional 

strength include high-performance cement, low water-to-cement ratio, silica fume and 

class F flyash. These findings underscore the potential of UHPC to revolutionize the 

construction industry, and ongoing research efforts aim to develop sustainable 

formulations that reduce environmental impact and production costs. 

Keywords Ultra High Performance Concrete (UHPC), Compressive Strength, Sustainable Construction, Mix Design 

Optimization 

1 Introduction 

Ultra-High Performance Concrete has made significant progress in construction materials, known for its exceptional 

strength and durability. Over the last twenty years, UHPC has been acknowledged as a possible method for enhancing 

sustainability and extending the lifespan of global buildings and infrastructure [1]. It has demonstrated versatility across 

diverse sectors, being employed in building elements, bridges, offshore structures, and other applications. These 

advancements have been made possible due to extensive research and development efforts aimed at understanding the 

behavior, properties, and potential applications of UHPC [2]. 

Despite its widespread adoption in certain regions like Europe and parts of Asia, challenges persist in achieving universal 

acceptance and implementation due to limited knowledge, absence of standardized design codes, and high production 

costs[3-6].  

Recognizing its transformative potential globally led to research initiatives aimed at addressing key challenges while 

promoting innovation such as Germany's multimillion-dollar program focused on expanding awareness about UHPB 

making it economically feasible for widespread use along with similar endeavors in South Korea and Malaysia focusing 

on specific applications such as cable-stayed bridges or rural infrastructure development projects[7-9]. 

The journey witnessed demonstrable progress marking transformational progression within the built environment industry. 

While persevering through persistent obstacles ongoing research aims at pushing boundaries hence paving the way forward 

toward more progressive, sustainable variants opening new opportunities. 
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2 Material 

2.1 Cement  

52.5 R CEM cement is employed for its outstanding early strength and durability characteristics, and it is added to UHPC 

mixtures to improve mechanical properties and overall effectiveness. 

2.2 Superplasticizer  

A polycarboxylic acid based superplasticizer is added to concrete mixes to enhance workability and fluidity while 

maintaining strength. This chemical is recognized for its efficient dispersion of cement particles, leading to improved flow 

and decreased water content in the mix.[10]. 

2.3 Supplementary Cementitious Materials  

Class F fly ash and silica fume are  used as alternatives to cement in concrete blends. They improve the ease of handling, 

longevity, and robustness of the material, while also lessening ecological ramifications by repurposing industrial by-

products[11-14].  

2.4 Aggregates  

Fine aggregates that have been sieved through a 1.18 mm sieve are applied in concrete mixes to fill spaces and enhance 

manageability. Fine aggregates significantly contribute to maximizing the density of concrete packing and improving its 

mechanical properties.[15]. 

2.5 Water-to-Cement Ratio  

A 0.2 water-to-cement ratio is employed in UHPC formulas to attain high strength and reduce permeability while retaining 

suitable workability. This reduced water-to-cement ratio decreases porosity and guarantees effective hydration of cement 

particles, leading to compact and long-lasting concrete with excellent mechanical attributes.[16].  

3 Methodology 

The research methodology for Ultra-High Performance Concrete starts with a detailed mix design process according to 

specific specifications shown in table 1. This involves determining the proportions of essential components such as cement, 

silica fume, fine aggregates, water, high-range water reducer, and fibers. 

Table 1: Composition of UHPC 

Material Conventional Concrete kg/m3 UHPC Proportion kg/m3 

Cement 300 600 

Fly ash - 120 

Silica Fume - 153.5 

Sand 1000 630 

HRWR 10 17 

Water 180 131 

 

Sample preparation is carried out precisely to weigh each component accurately. The dry ingredients are combined in a 

mixing container and thoroughly blended for a homogeneous mixture for 5 minutes. Then, the mixing water and high-

range water reducer are gradually added while continuously blending to create a uniform UHPC slurry for 3-4 minutes. 

The casting procedure follows a systematic approach where the UHPC mixture is poured into prepared molds ensuring 

complete filling. After casting, specimens undergo curing covered with plastic sheets during the initial curing period lasting 

24 hours then transferring them to a curing tank for 7 days and 28 days. For comparison the conventional control cube 

specimens of 50x50x50 mm sizes were also prepared.  
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Following the requisite curing period, the compressive strength of the UHPC specimens is determined using a compressive 

testing machine. This machine measures the maximum load withstood by the cube until failure, which is then recorded as 

the compressive strength. The material casting and testing procedure is illustrated in Figure [1], which provides a visual 

representation of the process.  

 

Figure:1 Casting and Testing of specimens 

4 Discussion and Results 

The section discusses the results of testing the compressive strength of UHPC specimens at 7 days and 28 days using 

ASTM C109/C109M. The average compressive strength, recorded as 80 MPa and 121 MPa at 7 and 28 days respectively, 

is accompanied by the standard deviation to illustrate data variability as shown in figure 2.  

A 0.2 W/B ratio indicates a very low amount of water, resulting in a dense microstructure and reduced porosity, leading 

to higher strength. Silica fume's high pozzolanic reactivity enhances the binding properties, contributing to increased 

strength. Class F fly ash's low calcium content and high silica content promote a slow and steady pozzolanic reaction, 

improving strength over time. The use of 1.18 mm fine aggregate allows for a dense packing, reducing voids and increasing 

strength. The HRWR admixture enables the achievement of a low W/B ratio while maintaining workability, ensuring a 

dense and strong microstructure. 

The significant strength gain between 7 and 28 days (from 80 MPa to 121 MPa) can be attributed due to Continued 

pozzolanic reactions between silica fume and Class F fly ash. Ongoing hydration of cement and fly ash. Increased bonding 

between aggregate and paste due to continued cement hydration. The mix design probably involved high-performance 

cement and a low water-to-cement ratio, both promoting rapid early-age strength development [17]. 

In comparison with conventional concrete typical 35 MPa compressive strength at 28 days Figure [2],  these results 

underscore substantial advantage offered by UHPC. While impressive, further exploration into long-term strength 

development as well as other mechanical properties would offer a more comprehensive assessment of the UHPC mixture's 

performance. 

 

Figure 2: Comparison of UHPC and Conventional Concrete 
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Possible future testing includes assessing later-stage (56 days) strengths to track evolution; evaluating additional 

mechanical properties like tensile and flexural strengths; or exploring influences from different mix design parameters on 

UHPC's mechanical behavior. 

5 Conclusion 

In conclusion, the Ultra High Performance Concrete (UHPC) specimens demonstrated exceptional compressive strength, 

reaching 80 MPa at merely 7 days and further increasing to 121 MPa at 28 days. This investigation into the properties and 

behavior of UHPC has yielded significant findings. Notably, UHPC exhibits outstanding compressive strength, surpassing 

traditional concrete by a substantial margin. The use of high-quality materials and a low water-to-cement ratio confers 

enhanced durability and resistance to environmental degradation. Ongoing research endeavors aim to develop sustainable 

UHPC formulations, mitigating environmental impact and production costs. Despite its favorable attributes, the 

widespread adoption of UHPC is hindered by the absence of standardized design codes, limited understanding of its 

properties, and higher initial costs relative to conventional concrete. 

Future areas for study involve improving mixture designs to boost sustainability and cost-effectiveness, evaluating long-

term resilience in different conditions, advocating for standardization initiatives, and performing thorough life-cycle cost 

evaluations to showcase its financial advantages.  
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Abstract- While creating cellular geopolymer mortar with geopolymers (GPL) has 

attracted a lot of attention, little study has been done to determine how particle fillers 

affect the final porosity. The goal of this research is to thoroughly examine the necessary 

elements for producing composite cellular geopolymer mortar. Analyzing the viscosity 

of the GPL slurry, which contains small particles derived from fireclay and ceramic 

dichroite, is one of the main goals. For GPL with fireclay and dichroite fillers, the 

viscosity values at 100 s−1 were 4.99 Pa. s and 4.23 Pa. s, respectively. Due to a significant 

distribution of linked porosity and big pores in the matrix, composite cellular geopolymer 

mortar reinforced with ceramic fillers has compressive strengths ranging from 1.51 to 

10.1 MPa. 

Keywords- Cellular Geopolymer Mortar, Compressive Strength, Fireclay Ceramics, Flow Properties.  

1 Introduction 

A novel family of inorganic polymers known as geopolymers (GPL) are produced when aluminosilicate materials are 

activated with an alkali-activated solution. Growing interest in GPL materials because of economic expansion and 

urbanization has centered attention on learning about the creation of GPL composites and their properties [1, 2]. The 

scientific community has emphasized the GPL system's potential to lower carbon emissions in addition to aluminosilicates' 

capacity to give desired features such durability, thermal stability, and resistance to acid attack [3, 4]. Numerous studies 

have investigated the parametrization of GPL to obtain the necessary porosity and microstructural stability [5, 6]. More 

uses for GPL cellular geopolymer mortar have surfaced recently, including concrete cellular geopolymer mortar [7], heavy 

metal adsorbents [9], fire-resistant panels [8], acoustic and thermal insulations [10], monolithic adsorbents for wastewater 

treatment [11], and ion exchangers [12]. The appropriate chemical cellular geopolymer mortar can be used to provide the 

necessary porosity, regardless of variations in development protocols and techniques [13]. Furthermore, a thorough 

analysis of variables is necessary for the synthesis of a porous composite to track changes in the test slurries' in-situ flow 

properties when different fillers or additives are added [5]. The goal of this research is to thoroughly examine the most 

essential factors to create composite cellular geopolymer mortar. Examining the viscosity of the GPL slurry with tiny 

particles sourced from fireclay and ceramic cordierite is one of the main goals. The research explores a novel blend of 

geopolymer and foam ceramic fillers, aiming to enhance sustainability through reduced carbon emissions and improved 

mechanical properties. This innovative approach holds promise for diverse engineering applications, offering lightweight, 

durable materials with enhanced thermal insulation capabilities. 

2 Experimental Program 

2.1 Materials 

The GPL slurries were made using fireclay ceramics (FC), dichroite ceramics (DC), and metakaolin (MKL) powder as the 

main ingredients and ceramic fillers, respectively. The utilization of an alkaline potassium silicate solution resulted in a 

SiO2/K2O ratio of 1.65. A 30% concentration of H2O2 was utilized to provide the foaming properties. In addition, Cl ≤ 5 
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ppm, retention ≤ 5 ppm, Pb ≤ 0.02 ppm, N ≤ 20 ppm, and Fe ≤ 0.5 ppm are specified by the manufacturer. The pore size 

distribution of the utilized components is shown in Table 1. 

Table 1: Grain sizes of MKL, FC, and DC particles 

Size 

distribution 

Mean size 

 (μm) 

Dv10 

 (μm) 

Median size 

D50 (μm) 

Dv90 

 (μm) 

Density 

 (g/cm3) 

DC 288.28 32.76 253.95 591.47 2.77 

FC 302.07 85.34 247.85 539.11 2.81 

MKL 6.12 2.55 5.33 10.39 0.72 

2.2 Preparation of Samples and Testing 

The GPL slurry was made in accordance with a weight ratio of 1:1 for MKL and potassium silica solution at a room 

temperature of 23 °C. A 30% relative humidity was kept constant. Previous data reports served as the foundation for mix 

design [14]. The chemical formations of the porous GPL, GPL_DC, and GPL_FC solid specimens are shown in Table 2. 

Table 2: Chemical formation of GPL, GPL_FC, and GPL_DC solid specimens 

Mix SiO2 Al2O3 CaO Fe2O3 TiO2 K2O MgO Na2O 

GPL 50.167 28.754 0.201 0.732 1.275 17.933 0.815 0.123 

GPL_FC 51.506 32.82 0.151 2.939 2.333 10.048 0.158 0.045 

GPL_DC 48.565 30.783 0.409 1.646 2.322 11.021 5.143 0.111 
 

3 Results and Discussion 

3.1 Mechanical Properties 

To examine the specimen cylinders measuring 15 by 30 mm for compression strength, the average strength results were 

computed, and the discrepancies were depicted using error bars. The impact of ceramic fillers on measurements of 

compression strength and relative compression strength of samples is depicted in Figure 1. There is a paucity of important 

research contrasting the porosity microstructure at elevated temperatures. However, bulk GPL exhibits a comparable 

mechanism [15]. Higher temperatures, such as those between 70°C and 90°C, are known to improve the alkaline solution's 

interaction with the aluminosilicate source during GPL formation [16]. This generally increases the mechanical strength, 

although the GPL systems' chemical makeup has a big impact on it [17]. 

 

Figure 1: Results for compression strength and relative compressive strength of samples. 
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3.2 Viscosity and Flow Properties 

The dynamic viscosity of the fresh GPL mixtures was tested around two minutes after mixing. After measuring the 

viscosity, H2O2 was added as the blowing material. In the rising regime of shear rate, testing of the unreinforced GPL 

slurry revealed that the material behaved as a non-Newtonian fluid, with viscosity fluctuating with induced stress [18]. For 

the GPL mix at 100 s−1, the green circle plot in Figure 2 validates a shear thinning response of 0.58 Pa.s. Furthermore, in 

the quasi-plateau plot zone, the viscosity of the GPL decreased beyond 50 s−1. The curve displayed a linear increase up to 

50.1 Pa. s at 100 s−1, as shown in Figure 2. 

 

Figure 2: Flow and viscosity plots as a function of the shear rate of GPL slurry. 

At a shear rate of 100 s−1, the GPL_DC mixture's viscosity was determined to be 4.99 Pa. s, while the GPL_FC mixtures 

was 4.23 Pa. s (Figure 3). The viscosity of the GPL_DC particles increased during shear deformation. Similar trends in 

pycnometer results, which displayed equivalent bulk density values, can be linked to this tendency. The flow properties of 

GPL slurries were greatly impacted by the presence of ceramic fillers, which resulted in decreased workability during the 

initial mixing stage. System densification is the main cause of this decline [19]. The apparent viscosity of the slurry 

increased by more than eight times when ceramic fillers were added. It went from 10 s−1 to 100 s−1. The system continued 

to behave in a pseudoplastic manner, as seen by the viscosity decreasing as the shear rate increased [20]. To find the 

dynamic yield stress and plastic viscosity of the matrices under study, curve fitting with the Bingham model was utilized. 

 

Figure 3: Flow and viscosity plots versus shear rate of GPL_FC and GPL_DC mixes. 

4 Conclusion 

The geopolymer slurry's apparent viscosity was enhanced by adding ceramic filler while preserving a pseudoplastic 

reaction. For instance, the plastic viscosity increased to over 5.89 Pa. s with a yielding stress surpassing 24.98 Pa. with the 

addition of dichroite fillers. The FC particles preserved the mechanical integrity of the composite cellular geopolymer 

mortar, exhibiting a compression strength of approximately 11.29 MPa. The slurry's apparent viscosity grew dramatically 
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from 10 s−1 to 100 s−1, frequently by more than eight times, with the addition of ceramic fillers, while the system's 

pseudoplastic behavior stayed the same. This innovative approach holds promise for diverse engineering applications, 

offering lightweight, durable materials with enhanced thermal insulation capabilities 
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Abstract- An environmentally friendly substitute for conventional concrete is geopolymer 

concrete, which are created from by-products of industry such as fly ash, slag, quarry rock 

dust (QRD) and other aluminosilicate minerals. This test study includes eight specimens 

of 200mm x 200mm x 1000mm which were already tested to the Ultimate load carrying 

capacity. The specimens include four GCD columns with 0% fiber and four GCD 

columns with 0.75% fiber. The damaged specimens were first repaired by GCD 

(Geopolymer concrete with QRD), and then retrofit with CFRP sheets by wrapping 

around the column using epoxy adhesives and tested under the compression testing 

machine (5000 KN) at concentric and eccentric loading (at 15E, 35E, 50E) with a 20 mm 

magnetic LVDT. As a result, the column's load-bearing capacity, flexural strength, 

ductility, is improved by retrofitting columns with CFRP sheets, which is a minimally 

invasive, high strength-to-weight ratio, and low thermal expansion. 

Keywords- Geopolymer Concrete, Strengthening, Retrofitting, Carbon Fiber Reinforced Polymer. 

1 Introduction 

Geopolymer concrete encourages resource efficiency, protects natural resources, and helps to reduce carbon emissions[1]. 

A further benefit of geopolymer concrete is its exceptional resilience, which lowers the frequency of repairs and 

replacements while increasing the life of buildings[2]. A geopolymer binder is combined with aggregates like sand, gravel, 

and crushed stone to create geopolymer concrete, as opposed to conventional concrete, which is manufactured using 

Portland cement[3]. An alumina and silica source, such as fly ash, crushed granulated blast furnace slag, or quarry rock 

dust is combined with an alkali activator solution, such as sodium silicate solution (12M) to create the geopolymer binder. 

With the passage of time, environmental factors like, temperature changes, chemical reactions, and moisture comes in 

contact with all the constructions including reinforced concrete columns which can cause deterioration of concrete and 

corrosion of reinforcing steel[4]. Mechanical stress poses a threat, to the columns potentially causing cracks, deformities 

and structural failure when subjected to vibrations and impacts[5].  

One effective method to enhance the strength and durability of columns is through the use of Carbon Fiber Reinforced 

Polymer (CFRP) strengthening [6]. CFRP is resistant to corrosion reinforces structures significantly without adding weight 

and can be easily attached to column surfaces. Its flexibility allows it to absorb energy during earthquakes reducing the 

risk of failure [7]. Moreover CFRP sheets offer lasting toughness and protection to the elements. This strengthening 

technique enhances load bearing capacity, stiffness and resilience, under different loading conditions including sesmic 

stresses. 

2 Research Methodology 

The columns were 200 mm x 200 mm in cross-sectional dimension and had a height of 1000 mm. Eight of the columns 

were examined, repaired, and their tensile strengths have been compared with those of formerly examined columns without 
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CFRP. The columns were reinforced with six 12 mm Dia bars having yield strength of 450 MPa as the main reinforcement 

and 6 millimeters Dia @100mm center to center having yield strength of 300 MPa  as the transverse reinforcement. For 

repair, firstly remove the loose or broken material from the columns. Apply the repair material, whose composition is 

specified in section 2 of [8], after removing. After repairs, give the seven-day curing time- to columns, and smoothen the 

column's surface using a grinder once it has gained enough strength.  

After smoothening the surface, apply the binding material to the columns and wrap the CFRP strips (20 mm) at a 20-degree 

angle. Apply pressure while applying to ensure that the CFRP strips are free of air bubbles and wrinkles. Use a compression 

testing machine (5000 KN) with a 20 mm magnetic LVDT (Linear Variable Differential Transformer) to test the columns 

to see how they perform structurally. The LVDT is properly placed to measure the deflection exactly. Apply force to 

columns until they reach their yielding point with the deflection rate set to 1 mm per minute. Take the deflection values 

that the LVDT computer has produced to check the column behavior. 

2.1 Preparation of Specimens 

To prepare the samples, the GCD surface was cleaned and made ready. Loose or damaged material, dust, filth, or other 

pollutants were removed by hammering them out of the specimens. After removing any loose debris, surface cracks were 

filled with GCD mortar (50% FA + 30% Slag + 20% QRD) using NaOH and Na2SiO3 as alkali activators. The same GCD 

mix design used which was already used in the preparation of the specimen, taken from table 1 of [8]. The exterior of the 

column was ground rough to strengthen the bond between its surface as well as the CFRP. After grinding, the holes were 

filled with epoxy to create an equal surface and prevent air pockets. Chemdur-300 (components A and B) were combined 

and applied in a 2:1 ratio to the GCD surface as a bonding agent to create a strong connection between the concrete and 

the CFRP (Figure 1c). The CFRP was cut into an appropriate strip size of 82 mm wide, and 10 ft (3048 mm) long based, 

and wrapped it on columns at 200 angle (Figure 1b).  The GCD columns surface was coated with CFRP using the bonding 

agent Chemdur 31(Figure 1a), and to get rid of any air pockets between the concrete surface and CFRP, then the CFRP 

should be pressed firmly against the surface to create solid contact. 

 

 

 

              

 

     

                  

                                                                            

a)                                                                                                                                                                                                                                                                                                                                                                                                                                                                b)                                 c) 

Figure 1: Preparation of specimen, a. CHEMDUR 300 (component A and B), b. Covered column by CFRP strips at 200, and c. 

Applying bonding agent on column. 

2.2 Testing 

The test subjects were subjected to axial unidirectional force until total failure, and a schematic sketch of concentric loading 

is shown in (Figure 2a). The load was delivered in periodic intervals of 1 KN/s. Before testing, a pair of 76mm wide by a 

thickness of 3.2 mm thick steel collars were wrapped around both ends of a column to avoid overstressed premature failure 

A layer of plaster of Paris with a sufficient thickness was applied to each of the upper and lower faces of the column to 

ensure a uniform transfer of load (Figure 2b). The axial displacement of columns under 5000KN CTM and at a deflection 

rate of 1mm/minute was measured using a 20 mm magnetic LVDT device (Figure 2c).                                                                          
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               a)                                                            b)                                                            c) 

Figure 2: Testing of specimen, a. Schematic sketch of concentric loading, b. Specimen before testing, and c. Specimen placed in CTM 

with magnetic LVDT 

3 Results 

Table 1 shows that the GCD columns without fiber follows the trend, as the eccentricity (E) increases load bearing capacity 

of the columns is decreased from 0E to 50E. But the ultimate load of these columns was improved from previous results. 

On the other hand, GCD columns with fiber did not follow any trend. Firstly, at 0E ultimate load goes down by 19.9%, at 

15E it increases but at 35E it again decreases and shows its maximum at 50E. The reason for showing lower value at 

concentric loading is due to the rusting of fibers and reinforcement in the column which affects the ultimate load of the 

columns. After strengthening columns results are compared with, without CFRP columns results [8]. The graph is drawn 

between the Ultimate load carrying capacity (Pmax) in KN and Displacement (mm) from the data obtained from the 

LVDT computer (Figure 3). 

Table 1: Post-strengthening performance of structural elements 

Gr. no. Gr. ID Col. ID 
Fiber  

Fraction 
E (mm) 

Pmax 

(KN) 

Percentage 

Improvement 

% 

Axial 

displacement at 

Pmax (mm) 

Ductility 

Index 

(DI) 
 

1 

GCD 

GCD-0F-0E -- 0 1105 39.8 13.5 1.13  

2 GCD-0F-15E -- 15 697 35.3 14.6 1.08  

3 GCD-0F-35E -- 35 570 95.2 10.3 1.06  

4 GCD-0F-50E -- 50 451 124.3 7.8 1.01  

5 

GCD 

GCD-0.75F-0E 0.75% 0 759 -19.9 13.9 1.15  

6 
GCD-0.75F-

15E 
0.75% 15 782 19.6 11.1 1.07  

7 
GCD-0.75F-

35E 
0.75% 35 654 68.6 16.3 1.02  

8 
GCD-0.75F-

50E 
0.75% 50 861 224.9 18.4 1.04  
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Figure 3: Columns ultimate load graph of strengthened geopolymer concrete 

4 Practical Implementation 

CFRP sheets or strips can be externally bonded to the tension face of beams and columns to increase their load-carrying 

capacity and flexural strength. For concrete slabs with inadequate shear strength, CFRP can be applied to the slab's 

underside to enhance its shear resistance. Furthermore, where steel structures have suffered from corrosion, CFRP can be 

employed as a seismic and durable external reinforcement.  

5 Conclusion 

Eight columns, whose dimensions were 200 x 200 x 1000 mm were used in this research. For strengthening, CFRP 

technique is used to increase the structure durability and strength. From the results it is demonstrated that the strength of 

geopolymer concrete column without fiber follows a trend and showed its maximum at 0E (1105 KN) followed by 15E 

(697 KN), 35E (570 KN), and (451 KN) at 50E by wrapping 20mm CFRP strips at 20o. Other the other hand, GCD columns 

with fiber showed a different behavior due to the rusting of fibers and showed a maximum at 50E (861 KN), followed by 

15E (782 KN), 0E (759 KN), and (654 KN) at 35E. It is concluded from the above discussion that, as the eccentricity of 

GCD columns increases the ultimate load bearing capacity of the columns is decreased.  Secondly, strength of destructed 

columns is increased by CFRP sheet by wrapping at 200 angles from the horizontal and by this method the need to destroy 

and rebuild the structural elements is eliminated. 
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Abstract- This research explores the enhancement of conventional concrete properties 

through the incorporation of graphite nano-micro platelets (GNMPs). The experiment 

involved the addition of GNMPs in varying concentrations of 0.1%, 0.3%, and 0.5% with 

a testing period of 28 days. The findings revealed a significant improvement in both 

compressive and tensile strength with the inclusion of 0.3% GNMPs. The research 

concludes the potential advantages of using GNMPs as an additive in concrete, especially 

for enhancing strength and increasing the durability and efficiency of conventional 

concrete. These findings are particularly promising for the construction sector, which is 

constantly seeking to develop concrete materials that are stronger and more durable. 

Keywords- Nano Micro Graphite, Strength Improvement, Durability, Material Testing.  

1 Introduction 

Concrete, having versatile properties compared to other materials such as strong durability, low maintenance, ease of use, 

fire resistance, water resistance, and fitting to any shape, is one of the most widely used construction materials in the 

construction industry globally. As the construction industry grows day by day, it poses more demands, for which 

conventional concrete alone is not enough to meet the required demands. Because of the low elastic and flexural strength 

of cementitious materials exposed to breaking, this breaking cycle begins with nanocracks, and with the progression of 

time, it transforms into microcracks and, afterward, large microcracks inside the grid of concrete. In the beginning, 

researchers tried to restrict these cracks with the addition of microfibers, although these microfibers do not hold out against 

the crack at the macro level but slow their transfer to the micro level. It provides a good opportunity for the researchers to 

increase the mechanical properties of conventional concrete by adding cementitious composites. Little consideration has 

been shown to investigate the helpful effects of GNMPs in concrete. Incorporating glass powder GP in concrete increases 

workability and decreases density, absorption, and porosity, with 20% GP being optimal for compressive strength when 

using conventional mixing methods [1]. Recycled aggregate concrete showed 90% of the compressive and shear strengths 

of natural aggregate concrete, with a 3% lower modulus of elasticity and 5.5% higher strain at peak stress [2]. This paper 

describes the effect of the addition of nano-graphite when added to the concrete with different percentages in comparison 

to the control specimen to investigate the enhancement of mechanical properties such as compressive, tensile, and flexural 

strengths of conventional concrete. 

2 Literature Review 

A. Dinesh et al (2023) in his study investigated the effect of nano graphite powder (NGP) and nano silica (NS) on the 

mechanical properties of concrete. Adding NGP and NS, especially at optimal dosages of 0.3% and 1.5% respectively, 

significantly improves compressive, flexural, and splitting tensile strength. This enhancement is due to the nano-powder 

filling gaps and pores within the concrete matrix, resulting in a dense and stronger material [3]. Saha (2017) determined 

that the compressive strength of concrete decreases sharply with the addition of fly ash after curing for 28 days [4]. Fly 

ash decreases the rate of hydration and drying shrinkage of concrete with fly ash is lower than control mix concrete. The 

absorptivity and chloride permeability are also lower in fly ash concrete [5,6]. The compressive strength, split tensile 
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strength, and flexural strength are maximum when glass powder is replaced by 10% of cement. 20% cement replaced by 

glass powder gives satisfactory strength. At 28 days the strength of the control mix, the result of compressive strength, 

split tensile strength, and flexural strength is 45.5 MPa, 7 MPa, and 8.65 MPa respectively. The feasible replacement of 

cement by glass powder is 20%. [7] 

Nakhi et al (2019) found that the density and air content both decrease with an increase in recycled aggregate as recycled 

has lower bulk density. The slump of concrete is between 60 to 92 mm. When the content of recycled concrete aggregate 

is increased, the compressive strength of concrete is decreased. 40% replacement of recycled aggregate with natural 

aggregate shows satisfactory compressive strength. After 28 days of saturation in chloride, the diffusion of chloride 

increases with an increase in the content of recycled concrete aggregate. [8]. Another study showed that adding 5% nano-

graphite platelets by cement weight to concrete with recycled coarse aggregate improves compressive strength by 3.86% 

[9]. 

3 Physical Properties 

Physical properties, elemental details, and chemical composition of raw graphite and Acacia gum have been shown in 

Table 1 respectively [10].  

Table 1: Raw graphite and Acacia gum properties 

Property Raw graphite Acacia gum 

Density g/cm3 2.23 1.4 

specific gravity 1.9 1.35 

Surface area m2/g 24 - 

Color Steel grey to black - 

Luster Metallic - 

4 Workability 

As per ASTM C-143, a slump test was performed to check the workability. To attain a slump in between 75-100 mm, 

several trails were performed. It was observed that a drop of 8.89 %, 21.26%, and 29.82% occurred as the percentage of 

GNMPs increased from 0 % to 0.1%, 0.3%, and 0.5% respectively as shown in Table 2. The reason for the drop in slump 

was that GNMPs have more tendency to absorb water and have a greater surface-to-volume ratio. 

Table 2: Workability 

WORKABILITY 

 Slump (mm) % Reduction 

0% (Control) 98 - 

0.10% 90 8.89 

0.30% 74 21.62 

0.50% 57 29.82 

5 Flexural Strength 

Table 3 below shows the flexural strength with respect to percentages of GNMPs. It shows the maximum value of 4.76 

MPa when 0.3% GNMPs were added to the mix. 

Table 3: Results 

Control Flexural Strength MPa 

0% 3.85  

0.10% 4.31 

0.30% 4.76 

0.50% 4.48 

Page 55 of 231



6th Conference on Sustainability in Civil Engineering (CSCE’24)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 24-117   

6 Compressive Strength 

As per ASTM C-39. After curing concrete cylinders for 28 days, in Fig 1. compression testing was performed on the 

Concrete cylinders having size of 100mm x 200mm. For the compression test, the specimen was removed from curing 

tank after complete curing time. For 24 hours, the specimen was placed in the lab to dry in the air. Afterward, the specimen 

was placed in a compression testing machine. The load was applied to the cylindrical specimen. The load was applied in a 

controlled manner so that the loading rate was the same during the whole test. The loading rate applied on the cylindrical 

specimen was 0.25 MPa/sec. The result in Table 4 shows an increase in the compressive strength of concrete with the 

addition of GNMP’S. 

Table 4: Compressive Strength Test Results 

From the results it is concluded that the compressive strength of concrete cylinders after 28 days of curing is 20.04 MPa 

at 0%. It can be seen in Table 4 that a gradual increase in compressive strength occurs by the addition of GNMPs in 

concrete cylinders. The compressive strength of graphene concrete cylinders is 22.43 MPa, 24.55 MPa, and 23.14 MPa by 

the addition of 0.1 %, 0.3 %, and 0.5% GNMP respectively. Optimum compressive strength occurs at 0.3 % of GNMP's; 

which is 24.55 MPa. 

7 Tensile Strength  

As per ASTM-C496, a tensile strength test was performed on the concrete beams. The results are shown in Table 5 

respectively against the concrete cylinders having no GNMPs. 

Table 5: Splitting Tensile Test Results 

Control 

Max 

Load 

(KN) 

Max 

Strength 

(KN) 

Max Load 

(KN) 

Max 

Strength 

(KN) 

Max Load 

(KN) 

Max 

Strength 

(KN) 

Avg 

Load 

(KN) 

Strength 

(MPa) 

0% 141.07 4.491 134.605 4.285 103.7265 3.302 126.467 4.026 

0.10% 141.98 4.52 142.61 4.54 143.24 4.56 142.61 4.54 

0.30% 150.15 4.78 151.09 4.81 148.58 4.73 149.94 4.773 

0.50% 144.81 4.61 144.18 4.59 142.93 4.55 143.973 4.583 

Control 
Max Load 

(KN) 

Max 

Strength 

(KN) 

Max 

Load 

(KN) 

Max 

Strength 

(KN) 

Max 

Load 

(KN) 

Max 

Strength 

(KN) 

Avg 

Load 

(KN) 

Strength 

(MPa) 

0% 158.0405 20.1224 155.9228 19.8527 158.2235 20.1457 157.396 20.04 

0.10% 222.655 28.3493 133.524 17.0008 172.354 21.9447 176.178 22.432 

0.30% 191.45 24.3792 203.2007 25.8724 183.8808 23.4125 192.844 24.555 

0.50% 181.4327 23.1008 181.263 23.0791 182.5637 23.2448 181.753 23.142 

Figure 1: Compression test assembly 
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From the results it is concluded that the tensile strength of concrete cylinders after 28 days of curing is 4.026 MPa at 0%. 

It can be seen in Table 6 that a gradual increase in tensile strength occurs by the addition of GNMPs in concrete cylinders. 

Tensile strength of graphene concrete cylinders is 4.54 MPa, 4.773 MPa, 4.58 MPa by the addition of 0.1 %, 0.3 % and 

0.5% GNMP's respectively. The highest tensile strength occurs at 0.3 % of GNMPs; which is 4.773 MPa. 

8 Results and Discussion 

Adding GNMPs to concrete increases the packing density of the concrete, which leads to a stronger and more durable 

material. GNMPs also improve the adhesion between the cement and the aggregate, which further strengthens the concrete. 

Additionally, GNMP’s can help to prevent cracks from forming in the concrete. Significantly, the results show that the 

compressive strength of the concrete cylinders increased from 20.04 MPa to 24.55 MPa when 0.3% GNMPs were added. 

The tensile strength of the concrete beams also increased from 2.9 MPa to 4.2 MPa when 0.3% GNMPs were added.   

9 Conclusion 

A comprehensive investigation into the impact of incorporating Graphite Nano-Micro Platelets (GNMPs) on the properties 

of concrete. The primary objective of the research is to assess how the addition of different percentages of GNMPs 

influenced the mechanical and durable properties of conventional concrete in comparison to a control specimen. The 

experimental study involved the use of 0.1%, 0.3%, and 0.5% GNMPs, with a testing duration of 28 days. Adding Nano 

Graphite to the concrete mixture increased the flexural strength of concrete cylinder by 4.76 MPa at 0.3% 

Compressive strength and tensile strength of the concrete cylinders also showed an improvement with the addition of 

GNMPs, the strength at 0.3% GNMPs reached 24.55 MPa while the control sample achieved 20.04 MPa. The highest 

tensile strength was observed at 0.3% of GNMPs with a value of 4.773 MPa, compared to the control sample at 4.026 

MPa. It is important to note that these research findings provided valuable insights into the potential benefits of GNMPs 

as a concrete additive, particularly in terms of strength enhancement and improved resistance to water penetration. These 

findings hold promising implications for the construction industry, where the development of more durable and resilient 

concrete materials is of utmost importance. 
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Abstract- This study aims to address the problem of pollution caused by carbon dioxide 

emissions from cement production in Pakistan by investigating the feasibility of using 

waste to produce tuff tiles. The utilization of industrial wastes in clay bricks is also 

explored. A variety of organic and inorganic wastes are considered potential substitutes 

for traditional building materials. This study explored different ways to integrate these 

waste materials into the manufacturing process while maintaining a strong and durable 

design. The resulting product are carefully evaluated for their overall mechanical 

performance. The results show that replacing part of the cement in the tuff tiles with waste 

materials, especially glass powder and marble powder, up to 5%, can achieve good 

results. Optimum replacement percentage of clay with rice rusk ash in brick is found as 

6%. 

Keywords- Sustainable Construction Materials, Tuff Tiles, Wastes, Bricks. 

1 Introduction 

In Pakistan, clay bricks and tuff tiles are fundamental components of construction. However, the burning of clay bricks 

uses coal, and tuff tiles have a component which is cement; both are linked to considerable negative effects on the 

surrounding ecosystem, including carbon dioxide (CO2) emissions, which is also one of the major causes of ozone 

depletion, affecting human health and the environment for other living beings. 

 

Researchers have investigated the use of waste materials on the mechanical properties, energy efficiency, and 

environmental impact of the bricks. Results indicate that incorporating these waste materials into clay bricks can lead to a 

reduction in energy consumption during firing, improved mechanical strength, and decreased environmental footprint, 

making them eco-friendly and economical alternatives to conventional clay bricks [1]. 

 

Over the past decade, several researchers have explored novel construction techniques to develop efficient and affordable 

solutions for sustainable tuff tiles. Mortar with waste rice husk ash showed improved strength activity index and reduced 

bulk density with  waste Rice hush ask (RHA).  RHA  because of its fine size can be used in improving the mechanical 

behavior of soil. Researchers have found beneficial usage of rice husk ash for the purpose of ground improvement. is also 

used as a soil improvement agent with cement. The experiment on use of rice husk ash as a partial replacement of cement 

to be used in deep soil mixing has shown promising results [2]. 

 

Ceramic Wastes Powder (CWP) is also used in brick kiln industries as a partial replacement of clay in bricks. The findings 

indicated that incorporating CWP led to enhanced durability of the bricks. It’s used is found beneficial in improving the 

efflorescence and also resistance against acid attacks. Moreover, the bricks displayed reduced porosity and a compact 

microstructure [3]. Plastic paver blocks were created from plastic bag waste. The results are compared with concrete paver 

block. It was concluded that plastic paver block is not only sustainable but also exhibit similar strength properties [4]. 

 

Dust waste generated during the sizing of volcanic tuff stones are used as an alternative raw material for industrial floor 

tile manufacturing. Comparing the properties of tiles before and after firing, it was found that incorporating 5 wt. % tuff 

waste into the industrial formulation yielded the highest green strength (9.83 MPa) and fired strength (26.77 MPa) values, 
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along with the lowest water absorption rate (5.77) [5]. Glass powder and marble powder have been used by the researchers 

in enhancing the durability and mechanical behavior of concrete and bricks. Optimum usage of marble powder  and glass 

powder was observed as 10% [6] and 15% [7] respectively.   

 

The issue of producing various unutilized byproducts from industries and agriculture sectors, such as inorganic wastes of 

plastic, glass, marble, stones, etc. are causing environmental concerns in Pakistan as shown in following Figure 1 [8]. The 

major sources of waste generation in Pakistan are from food, yard, and construction. Waste from Waste generation 

estimates of Urban and Rural areas of Punjab are shown in Table 1 [9]. The efficiency of our mechanism for controlling 

waste generation and disposal is minimal. 

 

Table 1: Waste Generation Estimates (reproduced) 

Typology 
Waste Generated 

(kg per capita) 

Waste Generated 

(Metric Ton per year) 

Collection 

(% of generated) 

Disposal 

(% of collected) 

Large Cities 0.55 9.44 80 0 

Mid and small sized cites 0.42 4.44 50-70 0 

Rural communities 0.33 13.72 <20 0 
 

 

Figure 1: Composition of waste generation in Pakistan (reproduced) 

Most of the industries are using conventional techniques in the production of tuff tiles i.e. without employing any 

compaction pressure. Whereas, some industries are now shifted to automated process of manufacturing with compaction 

to ensure durable tuff tiles.  

The purpose of this research study is to explore the possibilities of utilization of industrial wastes in bricks and tuff tiles. 

Eco-friendly tuff tiles and bricks are more than just construction materials; they represent our commitment towards a better 

sustainable future. It will offers a durable, aesthetically pleasing solutions that seamlessly blend into our surroundings, 

making our cities more livable and eco-conscious.  

2 Materials and Methods 

2.1 Materials 

Cement, sand, aggregate are used in conventional tuff tiles. Waste materials (plastic, marble powder and glass powder) 

were used as a partial replacement of cement and clay in bricks. Sargodha crush and Chenab sand was used in the 

production of tuff tiles. Tuff tiles are available in market in numerous designs with commonly used thickness of 60 mm. 

The dimension of casted tuff tiles was 200(L) x 100(W) x 60(T) mm. The strength of control specimen of tuff tiles and 

brick was 28 MPa and 3.0 MPa respectively. After preliminary investigation, marble powder, glass and plastic was decided 

to be used as partial replacement of cement in the tuff tiles, and rice husk ash and baggase ash as partial replacement of 

clay in the bricks. 
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2.2 Methods 

In order to access the actual situation of the tuff tiles and brick industries of Gujranwala Division, industries were visited. 

Samples from various industries were collected and tested in laboratory for density, water absorption and compression 

test. It is observed that compressive strength of some of the collected specimens are below the target strength as advertised 

by the manufactures. The ratios of replacement of cement and clay is selected as 5%, 10% and 15% by weight. These ratios 

are decided based on previous studies in similar research areas [6,7]. 

3 Results and Discussions 

Water absorption and compression tests were performed on the collected and casted specimens. 

3.1 Density 

It was observed that the average density of the collected brick and tuff tiles specimens was about 2.0 g/cm3 and 2.25 g/cm3 

respectively. The casted bricks and tuff tiles optimum density with replacement of selected wastes was about 1.7 and 2.0 

g/cm3 respectively. Figure 2(a), shows the effect on density of tuff tiles for various wastes replacement levels.  It was 

observed that effect on density was minimum for various replacement levels. The lower density was likely due to non-

compaction/vibration of casted tuff tiles specimens. 

3.2 Water Absorption Test 

It was observed that the average water absorption of the collected tuff tiles and bricks was about 6 to 8% and 8 to 12% for 

bricks respectively. The casted bricks and tuff tiles optimum water absorption with replacement of selected waste was 

about 16 to 18 % and 4 to 6% respectively. Figure 2(b), shows the effect on water absorption of tuff tiles for various wastes 

replacement levels.  It was observed that water absorption increases with the increase in replacement level of wastes. The 

lower values were observed in marble and glass powder. It was due to its fine content that results in a better interlocking 

of the fine aggregates and thereby improving the composite matrix. 

   

                 a)                                    b) 

Figure 2: Variations with addition of Marble powder (MP), Plastic and Glass powder (GP) in a. density and, b. water absorption 

(Replacement percentages are mentioned in brackets). 

3.3 Unconfined Compression Test 

Uniaxial compression test was performed on controlled (5.0 MPa and 28 MPa for bricks and tuff tiles respectively) and 

tuff tiles and brick specimens prepared from various wastes. Optimum result in compressive strength was observed for tuff 

tiles having Plastic and Glass powder as partial replacement of cement, and rice rusk ash for bricks as shown in Figure 3. 

Glass powder is finer as compared with plastic used for tuff tiles preparation, whereas rice husk ash imparts pozzolanic 

effect in the bricks.   
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                 a)                                    b) 

Figure 3: Variations in unconfined compressive strength with addition of a. Marble powder (MP), Plastic and Glass powder (GP) in 

tuff tiles and, b. Rice husk ash in brick (Replacement percentages are mentioned in brackets). 

4 Practical Implementation 

Brick and Tuff tiles are most commonly used building material. Millions of tons of solid waste is generated in Pakistan. 

By utilizing the waste in bricks and tuff tiles, can results not only economically friendly bricks but also a sustainable 

solution for developing countries like Pakistan. 

5 Conclusion 

It is observed from experimentation that the waste used is beneficial in producing sustainable bricks and tuff tiles. However, 

with increase of replacement percentage effects the durability of the products. The optimum percentage of replacement 

was found as 5 to 10% for bricks and tuff tiles using rice husk ash and glass powder; marble powder respectively.  
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Abstract- The process of geo-polymerization widely occurs by heat or steam curing 

of geopolymer concrete (GPC) to improve its mechanical properties. Heat curing is 

the usual method for the development of its strength, which poses a challenge for in-

field applications. This study emphasizes preparing fly ash based geopolymers under 

ambient settings without an external heat source. Using low calcium fly ash and 20% 

ordinary Portland cement (OPC) accelerates the curing of geopolymer concrete, 

eliminating the requirements for enhanced heat applications. During the 

experimental phase, samples were cured at room temperature (25 oC) and relative 

humidity of 65 ± 10%. Additionally, self-curing of geopolymers has been 

investigated in ambient curing conditions by utilizing bio additives including 

Terminalia chebula and natural sugar (honey). To achieve desired mechanical 

properties, such as compressive strength, optimized percentages of these bio 

additives have been determined. Moreover, durability properties of the GPC have 

been analyzed by conducting sorptivity test on the specimen. Both bio-additives were 

incorporated in different percentages by the weight of aluminosilicate minerals and 

prepared mixes of geopolymer concrete i.e. GPC1 and GPC2 respectively. 

Experimental results showed that GPC2 prepared by adding 1.5 % Terminalia 

chebula and 0% honey has improved the compressive strength by 3.10% as compared 

to controlled specimen (GPC0) cured at ambient conditions for 28 days. Durability 

analysis showed that with these percentages of Terminalia chebula and honey, the 

sorptivity coefficient (S) obtained for GPC2 is 1.88% less in comparison to 

controlled specimen GPC0, indicating the improved durability properties of prepared 

geopolymer concrete.  

Keywords: Bio Additives, Geo-polymerization, Geopolymer Concrete, Mechanical Properties, Sorptivity Coefficient.  

1. Introduction 

The production of ordinary Portland cement, also known as OPC, uses a significant amount of thermal energy and 

accounts for 5-8 percent of global greenhouse gas emissions. An analysis of the emissions showed an alarming ratio 

of 1 - emissions of carbon dioxide and cement output. [1]. Based on a 5% annual growth rate, the forecasts indicated 

that global production would reach 4.38 billion tons by 2050[2]. For regular Portland cement concrete, there is an 

alternate low ecological footprint option called "Geo polymers."[3]. Waste aluminosilicate was used as the foundation 

material to create geopolymers[4]. Rich in silica (Si) and alumina (Al), minerals can be utilized as an initial source for 

polymerization reactions when they encounter alkaline solutions like hydroxides and silicates of alkalis.[5] 

The procedure is generating polymeric chains of the three-dimensional.[6] It was discovered that the inclusion of 

calcium to a geopolymer material structure (OPC) improved its properties both when specimens were cured at room 

temperature and when they were cured at a temperature [7][2]A few research used room-temperature geopolymer 
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concrete that had OPC added to it. Instead of using additional heat, geopolymer concrete dried quicker when less 

calcium-rich fly ash was used in place of part of the OPC in the entire binder [8]. The current study significantly 

focuses on the effects of partially substituting fly ash with OPC, a rate of 20% in a temperature-cured system of low-

calcium fly ash-based geopolymer concrete [9]. Moreover, incorporation of bio additives in the GPC mixes is an 

important consideration for studying mechanical strength under ambient curing conditions.  

2. Materials and the Methods 

The materials used in this study include: Fly ash (Class F, low calcium) from a thermal power station in Muzaffargarh, 

Punjab, Pakistan; Ordinary Portland Cement (OPC) from Best Way Cement Factory, added up to 20% as a source of 

calcium; aggregates (fine and coarse) from Margalla crush, tested in UET Taxila concrete laboratory; alkaline liquid 

(sodium silicate and sodium hydroxide flakes, 98% pure) mixed to create 8M NaOH solutions; superplasticizer 

(naphthalene sulphonate-based, available from local traders); and bio-additives (honey, and Terminalia chebula, 

purchased from local vendors and added in various proportions). 

3. Methodology 

3.1. Manufacturing Procedure of Geopolymer Concrete 

Details on the mix design for the geopolymer concrete were provided in Table 1. The geopolymer concrete mix design 

consisted of 80% fly ash and 20% OPC. The silicate ratio was adjusted to 2.5, and the alkaline liquid to aluminosilicate 

ratio was fixed at 0.45. Honey and Terminalia chebula were added as bio-additives, and additional water and 

superplasticizer. The mixes were cured at 25 ± 3°C and 65 ± 5% humidity after demolding at one day. In  

Table 2, GPC0 is the control mix which includes the standard GPC components without any additives such as 

Terminalia Chebula or honey. GPC1 contains the base GPC components along with 1.5% honey. GPC2 incorporates 

1.5% Terminalia Chebula into the base GPC components, without honey. 

Table 1: Ingredients for geopolymer concrete 

Mix 

ID 

Fly Ash: 

(kg/m³)  

Cement 

(kg/m3) 

Fine 

Aggregate

(kg/m³) 

Coarse Aggregate 

(kg/m³) 
(NaOH) 

solution 

(kg/m³) 

(Na₂SiO₃) 

solution 

(kg/m³) 

Super-

plasticizer 

(kg/m³)  20 mm 12 mm 6mm 

GPC 320 80 546 382 528 364 51 129 7.9 

 

Table 2: Various proportions of Bio-additives used for the preparation of geopolymer concrete mixes. 

MIX ID Geopolymer (GPC) Terminalia Chebula Honey 

GPC0 Alkaline liquids, 

superplasticizer, fly ash and 

cement, fine and coarse 

aggregate. 

0% 0% 

GPC1 0% 1.5% 

GPC2 1.5% 0% 

4. Results and Discussions 

4.1. Compressive Strength Test  

Three cubic samples of geopolymer concrete of size 150 mm X 150 mm X 150 mm were subjected to a compressive 

strength test in accordance with ASTM C109/C109M – 12 after a curing period of 28 days. The compressive strength 
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outcomes of tests are displayed below in figure 1. The compressive strength values obtained for geopolymer concrete 

specimen is of the following order from maximum to minimum: GPC2>GPC0>GPC1 

In GPC1 there is only a percentage of Honey. The compressive strength decreases by 3.10% as compared to controlled 

specimen GPC0. This is because honey is a humectant, and its presence has introduced excess moisture resulting in 

an increased water-to-geopolymer binder ratio, leading to a weaker concrete structure. Additionally, honey contains 

sugars that can react with the alkaline properties of the geopolymer binder, forming expansive compounds that cause 

internal stresses and reduce compressive strength. In GPC2, there is only percentage of Terminalia chebula (TC) 

resulting in increase in the compressive strength by 2.99% as compared to controlled specimen GPC0. The possible 

reasons include TC promotes the formation of calcium silicate hydrates (CSH), a key component of geopolymer 

concrete that contributes to its strength and durability. 

 

 

 

 

 

 

 

Figure 1: Compressive strength of various mixes of GPC. 

4.2. Sorptivity Test 

For the sorptivity test, three cylindrical specimen of 200 mm diameter and 100 mm height of geopolymer concrete 

have been casted and tested as per ASTM C 1585.The present research provides guidance about the geo polymer's 

ability to resist water penetration, which is crucial for assessing its durability. The outcomes obtained from the 

sorptivity test are presented in figure 2. The sorptivity coefficient is a measure of the capacity of a porous material to 

absorb fluids, such as water. It is typically measured in units of mm/√min or cm/√sec. Here's the mathematical 

representation ((1) used for calculating the sorptivity coefficient:  

𝐒𝐨𝐫𝐩𝐭𝐢𝐯𝐢𝐭𝐲 𝐂𝐨𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐭 (𝐒)  =  (
𝑰

√𝒕
) 

  (1)                             

 

Where, S is the sorptivity coefficient in mm/√min or cm/√sec, I represent the cumulative absorption (mm or cm) and 

t is the time in minutes or seconds observed for evaluating the cumulative absorption values of specimen [7].  

 

Figure 2: Sorptivity coefficient of various mixes of GPC. 
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In GPC1, there is only 1.5% honey, as a result the sorptivity coefficient increases by 6.42% as compared to controlled 

specimen GPC0. Honey is a humectant, which means it attracts and retains water. This increases the water content in 

the geopolymer concrete, leading to higher sorptivity. Similarly, GPC2 contains only 1.5% Terminalia chebula (TC) 

in geopolymer concrete, the sorptivity coefficient decreases 1.88% as compared to controlled specimen GPC0. 

Terminalia chebula (TC) contains corilagin which is known for their water-repelling properties, reducing water 

absorption and sorptivity. 

5. Conclusion 

Experimental results demonstrated that adding 1.5% Terminalia chebula to geopolymer concrete significantly 

improved its mechanical properties by enhancing the formation of calcium silicate hydrates, a key component of 

geopolymer concrete. This resulted in a 2.99% increase in compressive strength, indicating a notable improvement in 

the material's ability to withstand axial loads. Additionally, the inclusion of Terminalia chebula reduced the sorptivity 

coefficient by 1.88% due to its water-repelling properties. The increases and decreases in strength and durability 

obtained in the study are much smaller and fall within the limits of statistical errors.  This study highlights the potential 

of Terminalia chebula as a natural additive for improving strength and durability, contributing significantly to the field 

of civil engineering. 
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Abstract- The increasing numbers of textile waste in Malaysia are alarming when in 2018 

approximately 195300 tonnes of textile waste were dumped and occupied about 6.3% of 

the landfills. Textiles made of synthetic fibers such as nylon, lycra, polyvinyl chloride, 

polyurethane, and spandex could be detrimental to the environment and take up to 200 

years to decompose in landfills. The tensile strength of the textile could achieve up to 800 

MPa and potentially be used as retrofitting materials. This study aims to utilize textile 

waste as one of the structural retrofitting materials with specific objective to determine 

the tensile strength of two types of textile waste (cotton and nylon) layered with epoxy 

namely textile waste composite (TWC). The tensile strength of TWC of with different 

layers (1 layer, 2 layers, and 3 layers) was determined by conducting a tensile test. The 

TWC of nylon textile showed better strength than cotton textile with tensile stress value 

up to 17.9 MPa. This material is possible for low-cost concrete retrofitting materials 

options in improving or restoring the capacity of structures.  

Keywords- Cotton, Nylon, Sustainability, Textile Waste Composite, Tensile Strength.  

1 Introduction 

In 2018, Malaysia recorded 195,300 tonnes of textile waste that constituted about 6.3% of the total waste in landfills [1]. 

Over 60% of the dumped textile was composed of synthetic materials which take decades up to 200 years to decompose. 

Synthetic textiles like polyester, nylon, and acrylic are derived from petrochemicals and are known for their durability and 

resistance to wrinkles and moisture. However, the non-biodegradable nature of the synthetic textiles poses environmental 

challenges due to difficulty to breaking down the fibers [2]. On the other hand, the hydrophobic feature of synthetic fibers 

and could achieve up to 830 MPa of tensile strength makes this material a promising candidate to be incorporated into 

building construction materials [3].  

Utilization of textile waste in engineering field has been explored and showed promising outcomes [4], [5], [6], [7]. 

Combination of cotton, polyester mixed waste and natural rubber successfully developed sustainable sound insulation 

material where the acoustic performance was comparable to commercially sound insulation panels [4]. It was reported that 

the addition of waste woven polypropylene fiber and textile mesh in the production of gypsum board showed post-peak 

behavior improvement and lead to a more ductile material which can be used for sustainable finishes in construction [5]. 

Kamble and Behera [6] employed cotton fibres to produce hybrid composite with significant improvement of tensile, 

flexural and impact strength which can be replaced the low and medium-cost timber in building materials.  

A common building material for most infrastructure and building construction is concrete. Concrete is a strong and durable, 

yet long service might cause concrete deterioration that can affect the ultimate capacity of the concrete elements. Thus, 

concrete retrofitting is necessary to at least restore the structural capacity. Concrete retrofitting refers to the process of 

enhancing or upgrading existing concrete structures to improve their performance, durability, safety, or functionality using 

various techniques such as fiber reinforcement, external post tensioning, and base isolation. Typical structural retrofitting 

work is using steel due to its high tensile strength. However, the drawback of steel is the risk of rust when exposed to 

water. This could lead to poor strength and appearance. Fiber reinforced polymers are other options due to excellent 

performance and easy installation for the retrofitting work, yet the cost has become a concern [8].  

Thus, this study was carried out by utilizing textile waste and epoxy as retrofitting materials which were later known as 

textile waste composite (TWC). This paper presents a part of the study that provides information on tensile strength of two 

types of textiles.  
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2 Research Methodology  

2.1 Sample Preparation and Testing 

Two types of textiles were used to prepare the samples, i.e., cotton (T) and nylon (N) for tensile testing. A total number of 

24 samples consisting of control sample (C), one layer (1-L), two layers (2-L) and three layers (3-L). For the 1-L, 2-L and 

3-L samples, the textiles were layered with epoxy. Figure 1 shows the arrangement of the TWC samples. All the sample 

were cut into dog-bone shape (see Figure 2) as recommended by ASTM E8 [9]. The TWC samples were air cured up to 

72 hours prior to the testing. The tensile test was conducted according to the ASTM E8 [9] using universal testing machine 

(UTM). The displacement of the samples was measured using linear variable displacement transducer (LVDT).  

  
  

Control 1-L 2-L 3-L 

 Textile waste sheet   

 Epoxy   

Figure 1: TWC sample arrangement 

 a)  b)  

Figure 2: Dog-bone shape, a. dimension, and b. TWC sample 

3 Results 

3.1 Mode of Failure of TWC Samples 

From the observation, the samples showed three different failure mode which can be classified as textile failure (TXF), 

epoxy failure (EXF) or total failure (AF) (see Figure 3). The TXF failure occurred on TWC sample when the textile tears 

into two parts due to gradual loss of load carrying capacity. The control sample for both types of textiles (CT and CN) and 

2-LT sample exhibit the TXF failure. The EXF failure was observed on 1-LT sample when the layer of epoxy failed first. 

The remaining samples for both cotton and nylon (coated and uncoated) showed AF failure when both textile and epoxy 

break together.  

   

 

 

 

 

 

 

 

 

 

a)   
 b)   c)  

Figure 3: Mode of failure of TWC samples, a. textile failure (TXF), b. epoxy failure (EXF), c. total failure (AF) 
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3.2 Load-Displacement Curve 

Figure 4 shows load-displacement curve of TWC samples. In general, all the TWC samples show ductility pattern with 

elongation before failure. The strength of TWC samples increased with increment of textile layer for both cotton and nylon 

samples. It can be observed that uncoated nylon has higher tensile strength with maximum loading of 240.7 N while 

uncoated cotton sample only achieved about 54.6 N. All the nylon samples show higher maximum load when compared 

to the cotton samples with the highest maximum tensile load of approximately 1100 N for the 3-LN sample. This suggest 

that the 3-LN sample has better ductility and might be used for application that requires high strength and flexibility. All 

the cotton samples experienced large elongation more than 60 mm when compared to the nylon samples.   

Figure 4: Load-displacement curve of TWC samples 

 

 

 

 

Figure 5: Maximum tensile loading of the TWC samples 

3.3 Tensile Strength of TWC Samples 

Tensile test results of the TWC samples are summarized in Table 1. All nylon textile samples showed higher tensile 

strength value when compared to cotton textile samples (see Figure 5). It was predicted since the nylon textile is categorized 

as synthetic fibre which has long strands and hydrogen bonds with strong intermolecular forces while cotton textile 

composed of cellulose which has a weaker bond [10]. For both cotton and nylon textile samples, 3-L samples exhibit the 

highest maximum tensile loading with value of 291.5 N and 1183.3 N, respectively. The presence of epoxy assists in 

strength and stress improvement of the TWC with a positive linear pattern can be observed for both types of TWC textile.  

For the cotton textile, the strength of 2-LT sample slightly reduces to 30% that might be resulted from inadequate bond 

intact between the textile and epoxy.  

Table 1: Summary of tensile test of TWC samples 

Sample 
Uncoated/ 

Coated 
n 

Types 

of 

failure 

Average maximum 

tensile loading 

(N) 

COV 

(%) 

Average 

Tensile stress 

at break 

(MPa) 

COV 

(%) 

CT uncoated 

3 

TXF 55.9 15 0.5 20 

1-LT 

coated 

EXF 148.8 10 6.4 9 

2-LT TXF 147.5 23 3.8 11 

3-LT AF 291.5 11 7.4 6 

CN uncoated TXF 273.3 34 0.1 23 

1-LN 

coated 

AF 263.3 13 0.2 30 

2-LN AF 756.7 10 12.4 10 

3-LN AF 1183.3 4 17.9 8 

Note: n = number of tested samples; COV = Coefficient of variation 
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4 Application 

The retrofitting procedure is performed on deteriorated structures with the aim of restoring the load-carrying capacity of 

the structural elements. Fibre-reinforced polymer is currently a favorable material to be used for retrofitting since it does 

not only restore the capacity but also improves the performance of the structures, yet the cost becomes a concern. This 

study was carried out as a pilot to utilize textile waste as a potential material for non-structural or/and structural retrofitting 

purposes. Further research on the application of the TWC is suggested on small scale beam or panel with various methods 

of retrofitting installation such as TWC wrapping or near surface mounted.  

5 Conclusion 

A pilot study was carried out to unleash the potential of textile waste to be utilized as structural retrofitting materials. 

Cotton and nylon textile waste were layered with epoxy resin to produce TWC retrofitting materials and undergo tensile 

strength tests. It can be inferred that:  

1. The use of epoxy assists in tensile strength improvement for both cotton and nylon TWC samples.   

2. TWC of nylon showed better performance when compared to cotton due to strong bond molecules formation of 

the nylon textile.  

3. The highest tensile strength for both cotton and nylon textile were obtained from 3-L TWC samples with 

maximum load increments up to 400% compared to the control sample.   

Further investigation on the development of the TWC material using different textiles and epoxy is required. 
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Abstract The demolition of old structures creates a lot of waste, particularly in Asian 

countries, producing brick waste as most of the old structures are made of brick, which 

needs to be tackled. Researchers have tried to use it as aggregate in concrete and study its 

effect on different concrete properties. In this study, the bond behavior of steel rebar with 

recycled brick aggregate concrete (RBC) has been studied and compared with natural 

aggregate concrete (NAC) and recycled aggregate concrete (RAC). For this purpose, a 

number of cubes were cast along with cylinders to relate the effect of compressive 

strength with bond strength. Two types of ratios were chosen: one is R50%-50%, 

containing 50% coarse and 50% fine aggregate, and the second is R33%-67%, containing 

33% coarse aggregate and 67% fine aggregate. A cement content of 20% by weight of 

aggregate was used. It was found that for the ratios R33%-67% and R50%-50%, the bond 

strength of RBC is 24% and 13% more than that of RAC, respectively. For the ratios 

R33%-67% and R50%-50%, the bond strength of RBC is 9% and 60% less than that of 

NAC, respectively. The practical results were then compared with the equation proposed 

by Md. Mozammel Haque to find the bond strength of RBC using compressive strength, 

and the difference was found to range from 0.4 to 0.9 for all the different ratios used. 

Further, the study showed the direct relation of compressive strength with bond strength: 

the greater the compressive strength, the greater the bond strength 

Keywords- Bond Strength, Concrete, Compressive Strength, Recycled Aggregate 

1 Introduction 

Concrete is the second most consumed material, by mankind, on earth after water. Global annual production of concrete 

is around 33 billion tons (ISO, 2016). That's why the construction industry is one of the largest consumers of raw materials. 

And the demand for building materials, particularly concrete, has risen exponentially. Since the world is moving towards 

modernization and using modern materials like concrete rather than bricks, although in most Asian countries brick is still 

used in construction, the demolition of old structures produces a lot of brick waste which needs to be tackled. One of the 

best ways is to use it as a recycled aggregate, both as fine and coarse aggregate, in concrete. Many researchers have used 

brick as a recycled aggregate in concrete and found its effect on different properties of concrete.  

Paulo B. Cachim [1] in his studies found out that up to 15% crushed bricks can be used as natural aggregates substitutes 

without strength reduction. And there is a reduction of concrete properties (up to 20%, depending on the type of brick), for 

30% of natural aggregate substitution. Mounir M. Kamal et al. [2] have studied the effect of using different ratios of 

recycled brick aggregate in concrete mix and found that as the amount of recycled aggregate increases, the compressive 

strength and bond strength decrease. And he summarizes that bond strength of recycled brick aggregate concrete is 8% of 

its compressive strength. Yang et al. [4] found out that the failure pattern of specimen is “Splitting Failure” without lateral 
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pressure (confinement), while failure pattern of specimen with different biaxial lateral pressure can be classified as 

“splitting pullout failure”.  

The most concerning thing while using recycled brick aggregate in concrete is its bond strength with rebar, because if the 

concrete does not make a good bond, then under the application of load, the bar will slip or pull out and cause the whole 

structure to collapse.  The bond strength of concrete with rebar plays a pivotal role in every element of structure i.e. beam, 

column, slab etc. Because of this importance of bond behavior this study will discuss the effect on bond strength by 

replacing natural aggregate with recycled aggregate (both recycled brick and recycled concrete). and compares with bond 

strength of natural aggregate concrete. 

Further compressive strength of concrete has a great influence on its bond strength. So, this study also finds a relationship 

between bond strength and compressive strength of concrete. Additionally, it analyzes the equation proposed by M.M. 

Hoque et al. [5] for the evaluation of bond strength in BAC. The following equation developed by M.M. Hoque et al. 

𝑈 = 0.525√𝑓′𝑐 (
𝑐

𝑑𝑏
)
0.42

 

2 Research Methodology  

2.1 Material and Concrete mixes 

Recycled Aggregate Concrete (RAC), Recycled Brick Aggregate Concrete (RBC), and Natural Aggregate Concrete (NAC) 

were investigated. Concrete mixes were prepared by replacing 100% of natural aggregates with either recycled concrete 

(RCA) or brick aggregates (RBA) in equal or different ratios, while third mix used 100% natural aggregates for 

comparison. Meanwhile, to get RBAs & RCAs old bricks and concrete cylinders were manually broken down and then 

crushed using a roller crusher. The resulting aggregates were sieved to separate coarse and fine aggregates, as shown in 

fig 1.               

 

 

 

The table 1 illustrates that the 12 concrete mixes were prepared with weights of coarse and fine aggregates used and on 

which the direct pull-out and compressive strength test was then performed [5]. RBC-1, RAC-1 represent coarse recycle 

brick and concrete aggregate, each of them having a ratio of R(33%-67%). Also, RBC-2, RAC-2 represent fine recycle 

brick and concrete aggregate, each of them having a ratio of R(50%-50%). NAC-1 & NAC-2 represents natural aggregate 

concrete 33-67% & 50-50% of coarse and fine aggregate, respectively. Also, all coarse aggregate used in saturated surface 

dry (SSD) condition because of high water absorption capacity of recycled brick aggregate. For this purpose, aggregates 

were soaked in water for 24 hours before casting and water cement ratio of 0.5 was used. 

Table 1: Mix Proportions 

Name 
Recycled Aggregate 

Type 

Weight in kg/m3 No. of Sample 

Cement 
Coarse 

Aggregate 

Fine 

Aggregate 
Cube Cylinder 

RBC-1 Coarse: Brick 317 523 1061 2 2 

RBC-2 Fine:      Brick 317 792 792 2 2 

RAC-1 Coarse: Concrete 400 660 1340 2 2 

RAC-2 Fine:      Concrete 400 1000 1000 2 2 

NAC-1 Natural Aggregate 

Concrete 

400 660 1340 2 2 

NAC-2 400 1000 1000 2 2 

Figure 1: Schematic diagram of producing RBA & RCA 
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3 Specimen & Testing  

3.1 Pull-out & Compressive Strength Test 

The pull-out test was preferred to directly assess the force required to pull out the rebar. For this test, cube specimens 

(200mm³) having a 19mm diameter rebar centrally embedded with a bonded length of 5db [6] were prepared, with the ends 

unbonded using PVC pipes and silicone tape. A 1000KN Universal testing machine applied load at 0.5 min/mm, recording 

slip value and peak force automatically. This test was conducted as per ASTM C900-19 [7] for all concrete mixes. 

Moreover, to assess concrete quality, 75mm x 150mm cylindrical specimens were prepared. Using a 2000KN testing 

machine per ASTM C39 [8], the compressive strength test recorded the maximum load each cylinder sustained. Two 

samples from each mix were tested, and their average compressive strength is reported. Casting and testing of samples are 

shown in fig 2. 

 

 

 

a)                                                                                  b)                                                                                  c) 

                       

4 Results 

4.1 Bond Strength & Compressive Strength 

 The average peak force obtained was used in the following formula to get the ultimate bond strength values  

σ𝑢𝑙𝑡 =
𝑃𝑃𝑒𝑎𝑘

π∗d∗L
 . fig 4(a) shows that for 33% coarse and 67% fine aggregate ratio NAC had the highest bond strength among 

the other mixes having RBC value relatively less. fig 4(b) indicates that when coarse aggregate ratio was increased from 

33% to 50% more higher value of NAC 12.2MPa was obtained among other mixes. Compressive strength tests were 

conducted 28 days after casting. fig 4(c) shows that for 33%-67% ratio NAC had the highest compressive strength among 

the other mixes as well and also having RBC value relatively less. fig 4(d indicates that when coarse aggregate ratio was 

increased from 33% to 50% more higher compressive strength value for NAC 28.2MPa was obtained. This shows that 

bond strength has a direct relationship with compressive strength. 

            

                                                                           

 
 

 

a)                                                                                   b)     

 

 

 

 

 

 

 

 

        a)                                                                                   b)                       
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Figure 4: Compressive strength for a. Ratio 33%-67% & b. Ratio 50%-50% 
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Figure 3: Bond strength for a. Ratio 33%-67% & b. Ratio 50%-50% 

Figure 2: a. Bar Placement b. Cast Specimens c. Pull-out Test Arrangement 
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4.2 Relation Between Bond Strength and Compressive Strength 

It is clear from the above results that the bond strength is directly related to compressive strength show in fig 5. Also, the 

increased ratio of coarse aggregate influenced negatively on the both the strengths of RAB & RAC. Moreover, the Practical 

results were also compared with the equation proposed by Md. Mozammel Haque to find bond strength using compressive 

strength and the difference is found to be range from 0.4-0.9 for all different ratios tested. 

 

Figure 5: Graphical comparison of the relation b/w bond and compressive strength 

5 Modes of Failure 

Two modes of failure were observed during pull-out tests. In specimen having strong bond with bar splitting mode of 

failure was observed (fig 6b) due to radial outward forces caused by ribs on the rebar. While in specimen having weak 

bond with bar, slippage of bar (fig 6a) occurred that could be due to various factors, including poor surface preparation, 

improper bar placement, or inadequate adhesive properties of the bonding material.  

 

 

 

 

                                        a)                                      b) 
 

6 Conclusion & Recommendations 

In conclusion compressive strength of a specimen has direct influence on its bond strength Increasing the recycled coarse 

aggregate content in the ratio influences the bond strength due to reduction in strength of recycled aggregate. Mozammel 

Haque equation found useful for measuring bond strength of recycled brick aggregate concrete directly from its 

compressive strength. Lastly, it is recommended to study the different RBA ratios, bar diameters, and recycled aggregates 

effects on concrete properties. 

7 Acknowledgement 

The authors would humbly like to thank dept. and advisors who helped in research execution, particularly Prof. Dr. 

Rashid Hameed and Dr. Syed Asad Ali Gillani. 

8 References 

[1] Cachim, Paulo. "Mechanical properties of brick aggregate concrete," Construction and Building Materials, vol. 23, pp 1292-

1297, 2009. 

[2] Kamal, Mounir M., Zeinab A. Etman, Mohamed R. Afify, and Mahmoud M. Salem. "Bond Strength of concrete containing 

different recycled coarse aggregate,” Concrete Research Letters 6, no. 2, 2015. 

[3] Yang, Haifeng, Youdong Huang, and Liangsheng Lv. "Bond behavior between recycled aggregate concrete and steel rebar 

subjected to biaxial lateral pressure," Elsevier, Structures, vol. 41, pp. 139-146, 2022.. 

[4] Hoque, M.M., Islam, M.N., Islam, M. and Kader, M.A. “Bond behavior of reinforcing bars embedded in concrete made with 

crushed clay bricks as coarse aggregates,” Construction and Building Materials, vol. 244, p.118364, 2020. 

[5] ACI PRC-211.1-91 standard practice for selecting proportion and setting time. 

[6] M. John Robert Prince, Bhupinder Singh. "Bond behaviour of deformed steel bars embedded in recycled aggregate concrete", 

Construction and Building Materials, vol 49, pp 852-862, 2013. 

[7] ASTM C900-19 Standard Test Method for Pullout Strength of Hardened Concrete. 
[8] ASTM C39 Concrete cylinder standered testing.  

6.2
4.54.94.0

6.9

12.2

0.0

20.0

17.0 19.0 21.0 23.0 25.0 27.0 29.0

B
O

N
D

 S
T

R
E

N
G

T
H

  

(M
P

A
)

COMRESSIVE STRENGTH  (MPA)

Compressive Strength vs Bond Strength

RBC

RAC

NAC

Figure 6: Splitting failure in a) RBC & b) RAC 

Page 73 of 231



6th Conference on Sustainability in Civil Engineering (CSCE’24)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 24-124    

OPTIMIZED PREDICTION MODELING FOR CHLORINATED 

MARINE CONCRETE USING DECISION TREE 
a Muhammad Luqman*,  b Majid Khan 

a: Barrick Gold Corporation, Pakistan.18pwciv5026@uetpeshawar.edu.pk 

b: Department of Civil Engineering, COMSATS University, Abbottabad, Pakistan. 18pwciv4988@uetpeshawar.edu.pk 

* Corresponding author. 

Abstract- Chloride concentration (Cs) at the surface of concrete is an essential metric for 

designing resilience and estimating the lifespan of concrete structures in aquatic settings. 

Consequently, due to chlorine action, many reinforced concrete constructions cannot 

reach their intended or planned lifespan and experience early degradation. This study 

utilizes the independent machine learning technique Decision Tree (DT) to forecast 

concrete's surface chloride concentration (Cs). A comprehensive database consisting of 

642 observations of Cs exposure data in the marine field, including the applicable mixture 

quantity of constraints, conditions of the environment, and exposure time, has been 

created through a thorough investigation of relevant literature. Diverse statistical criteria 

evaluated the model's accuracy and suitability. During the validation process, the DT 

model demonstrated enhanced accuracy with correlation coefficients (R) of 0.95 for 

training and 0.96 for validation and mean absolute errors (MAE) of 0.009. The results 

indicate that by including more diverse datasets and considering new variables, the 

predicted accuracy of standard models may be improved. The DT machine learning 

model, trained on a vast database, can effectively include 13 key characteristics that pose 

challenges for conventional models. However, to lessen the problem of overfitting, it is 

advisable to use a more extensive dataset, including synthetic or genuine experimental 

data. 

Keywords- Regression, K-Fold Method, Semi exponential Model, Particle Swarm Optimizer (PSO).  

1 Introduction 

The erection of sea-crossing bridges, dock piers, coastal highways, and buildings is among the many applications of 

reinforced concrete (RC) structures in marine and coastal environments. Broadly, a passive oxide deposit can protect 

reinforcing steel in RC structures from rusting, as it is resilient in the high pH micro-environment that results from the 

concrete pore solution [1], [2]. Chloride ions present in saltwater and airborne aerosols may adhere to and infiltrate the 

exterior of reinforced concrete structures in coastal and aquatic settings. Suppose the chloride ions infiltrate and capture 

inside the matrix of concrete encasing the steel reinforcement. In that case, they have the potential to destabilize the 

protective layer and commence and expedite corrosion of the steel, resulting in the formation of cracks and spalling of the 

concrete, as well as a reduction of the load-bearing capacity of reinforced concrete structures [3]. Researchers recently 

developed mathematical frameworks in laboratory settings that generate chloride profiles from the underlying structure of 

wet concrete [4]. In 2023, Reichert et al. [5] proposed a semiempirical double exponential model designed explicitly for 

the penetration of chlorine in diffusion and convection zones, which does not encompass different practical conditions. 

Corrosion in RC structures may cause crashes, safety hazards, and significant economic losses, affecting the normal 

functioning of the engineered environment. Consequently, many reinforced concrete constructions cannot reach their 

intended or planned lifespan and experience early degradation [6]. Hence, the problem of designing concrete buildings 

with longevity or accurately predicting their lifespan has become a significant undertaking in current design practices. This 

effort requires using solid models that can effectively include several influencing elements and provide a more precise 

description of the processes responsible for degradation [7]. Marine ecosystems are often categorized into four zones based 
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on the types of chloride exposure they experience: atmospheric, tidal, splash, and submerged zones. Fick's second law of 

diffusion describes chloride infiltration into concrete regardless of the zone [8]. Eq (1) provides the mathematical solution 

for Fick's second law, often used in maritime service life design of RC structures. 

C(x, T) = CS. ERF ∗ (
x

  2 ∗ (De ∗ T) 0.5 
) (1) 

The function C(x, T) represents the concentration of chloride ions, [Cl-], at a certain distance x into the concrete, measured 

from the exposed surface, after a certain amount of time T. The term De refers to the effective diffusion coefficient. If Eq 

(1) is written with the assumption that De is independent of x and T, then the concentration of chloride ions ([Cl-]) at the 

surface of the concrete is supposed to be constant throughout time. The Gaussian error function (ERF) is used in this 

context. Additionally, at the onset of corrosion, C(x, T) is CT, and x represents the thickness of the rebar cover. Unlike De, 

Cs is a multidimensional characteristic that includes material characteristics, time, and external factors. Additional study 

is required to enhance the accuracy of predicting the advancement of Cs and chloride influx.  

The work aims to predict Cs, accounting for all critical parameters that previous research lacks, to help design durable RC 

structures in maritime conditions. Using nonlinear independent variables, ML has been employed in Material Engineering 

and corrosion prediction [9], [10]. In order to address the shortcomings of traditional approaches, this study employs ML 

models (Supervised) to construct an accurate and practical model for concrete chloride intrusion prediction. This ML 

model will solve the material's complex composition degrees of flexibility and the multivariate link between the mixture 

in dependent variables and attributes. 

2 Research Methodology 

2.1 Theoretical Background of Decision Tree 

Decision trees are adequate for both regression and classification tasks in machine learning. Resembling flowcharts, 

decision trees can make repeated practical decisions and handle unstructured information for predictions. One challenge 

in machine learning is communicating model results, but decision trees make this more straightforward due to their clear 

decision paths [11]. A decision tree starts with a root node and branches out, with each node representing a decision based 

on a specific attribute and each leaf node representing an outcome. Decision nodes lead to further branches, while leaf 

nodes provide the final decision. The k-fold cross-validation (CV) method, specifically the 12-fold CV, helps find the best 

hyper-parameters. The training data is split into 12 equal parts. Nine folds (482 observations) train the model, while three 

folds (160 observations) are used for testing. This process repeats nine times with different fold combinations to train and 

test the model. CV errors are calculated at each cycle, and model parameters are adjusted accordingly [12]. 

2.2 Data Collection 

To develop reliable machine learning models to forecast the Cs (Surface Chloride Concentration as Wt. of Concrete) 

relationship to changes in concrete mix designs, environmental variables, and exposure duration, 642 experimental and 

fitted analytical data points were gathered from recently published research. The developed model utilizes evident exterior 

chloride concentration in marine concrete from field measurements on RC structures exposed to sea splash conditions 

tidal, and submerged zones. The mix design of concrete has ten variables. The environmental settings are also characterized 

by T (mean annual temperature, °C) and Cl-- (seawater chloride concentration, g/L). Exposure time (ETM) is a single 

variable representing the duration of exposure. A supplementary input was included to account for the environmental 

conditions exposed to the concrete. This input was assigned values of 0 for the tide zone, 1 for the splash zone, and 2 for 

the submerged zone. All these data attributes are concise in Table 1. This demonstrates a minimal likelihood of 

multicollinearity, as the correlation values are lower than the indicated threshold. Table 1 presents the dataset's statistical 

characteristics, including indicators such as the mean, standard deviation, skewness, and kurtosis. The variables 

demonstrate skewness and kurtosis values within the prescribed ranges of ±3 and ±10, respectively. Moreover, it is crucial 

to note that CSB has the strongest positive correlation (+0.97) with Cs compared to all other input parameters (Cs). The 

following variable is the ET, with a correlation value of +0.50. We have the FA and W, with a correlation coefficient of  

+ 0.38 and + 0.48, respectively. Lastly, the exposure time has the lowest correlation coefficient of -0.01. 

2.3 Model Development  

Thoroughly analyzing various DT setup configurations is essential for creating a robust model in the field of ML modeling. 

These generated parameters are recommended based on several trial runs since they consider the essential population size 
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parameter directly affecting the number of programs produced. While the convergence process may be time-consuming, a 

more intricate and precise model benefits from a larger population. Overfitting may occur when the size of the population 

surpasses a particular range. The fundamental operations in the paradigm are addition, division, multiplication, and 

subtraction. Prior to the completion of the method, the generation numeral establishes the desired degree of precision for 

the model. Multiple iterations of algorithms have contributed to developing a simulation model with minimal 

imperfections. The present technique experimented with several combinations of parameters to identify the optimal model 

and successfully created one with the lowest error levels. An inherent challenge in machine learning modeling is 

overfitting, which occurs when the model demonstrates high accuracy on the original dataset but fails to generalize 

effectively to new, concealed data. To address this issue and get insight into the model's ability to generalize, evaluating 

its performance on data that has not been previously examined is recommended. In order to mitigate the issue of overfitting, 

the data is divided into two groups, allocating 75% for training purposes and 25% for validation. The algorithm's 

performance is evaluated using an independent validation set that was not used during the construction of the model. 

Table 1: Statistical description of input variables in the database for CS 

Parameter Unit Mean SD1 Min Max Kurtosis SKS2 OPN3 

OPC Kg/m3 370.70 75.60 110.00 519.00 0.60 -0.65 Input 
FAH Kg/m3 33.97 59.88 0.00 239.00 3.46 1.99 Input 

GGBS Kg/m3 11.41 45.45 0.00 292.50 15.49 4.03 Input 
SF Kg/m3 5.41 12.85 0.00 50.00 4.11 2.29 Input 
S Kg/m3 1.47 1.99 0.00 10.20 4.67 2.09 Input 
W Kg/m3 187.54 44.08 38.50 311.00 2.80 0.82 Input 
FA Kg/m3 765.77 116.46 552.00 1232.00 4.74 1.46 Input 
CA Kg/m3 993.81 135.44 410.00 1305.00 7.56 -1.85 Input 
w/b - 0.46 0.08 0.30 0.75 1.04 0.96 Input 

ETM Years 4.24 6.28 0.08 48.65 24.71 4.45 Input 
T °C 17.78 9.38 7.00 50.00 -0.85 0.42 Input 

CSB % 3.67 2.09 0.14 13.58 1.89 1.02 Input 
Cl-- g/L 18.99 2.79 13.00 27.37 0.72 0.52 Input 
ET 0,1,2 N/A N/A N/A N/A N/A N/A Input 
Cs % 0.66 0.39 0.02 1.95 -0.18 0.68 Output 

     1Standard Deviation,  2Skewness,    3Operation 

3 Results - Model Performance 

The correctness of the created model is assessed by examining the gradient of the regression line derived from concrete 

values shown on the x-axis against projected values on the y-axis, as shown in Figure 1. 
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                      Figure 1:  Regression Slope Analysis of Model 

Table 2: Performance Assessment of the ML Models 

Subset RMSE MAE R 
a10 

Index 

a20 

Index 

Training 0.020 0.007 0.95 0.120 0.230 

Validation 0.028 0.009 0.96 0.081 0.144 
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Researchers often use this methodology to evaluate the precision of machine learning models [13], [14], [15]. Predictions 

were then compared for both training and testing datasets to assess the predictive capabilities of the models. Figure 1 and 

Table 2 display the statistical assessment of the model with five statistical parameters and their corresponding findings for 

this specific objective. The DT model exhibits slopes of 0.997 and 1.007 for the training and validation datasets. Moreover, 

the DT model showed R-values of 0.95 for training and 0.96 for validation. The MAE values for the DT model are shallow: 

0.007 for training and 0.009 for validation. Predictions were then compared for both training and testing datasets to assess 

the predictive capabilities of the models. 

4 Conclusions 

This study employs a machine learning technique, the Decision Tree (DT), to forecast concrete's surface chloride 

concentration (Cs). A comprehensive database of 642 observations of Cs exposure data in the marine field—including 

mixture quantities, environmental conditions, and exposure times—was compiled from relevant literature. The model's 

accuracy and suitability were evaluated using diverse statistical criteria. The DT model demonstrated high accuracy during 

validation, with correlation coefficients (R) of 0.95 for training and 0.96 for validation and mean absolute errors (MAE) 

of 0.009. For future studies, hybrid ML models might be established, which may increase predicted accuracy. This study 

employs Statistical means to comprehend the model, but future investigations may benefit from model-agnostic tools like 

LIME, PDP, and SHAP. Understanding the study's limitations is crucial. Current literature shows experimental setup 

discrepancies across research. Further research should focus on controlled experimental testing to increase model 

robustness and dependability using a single, dependable source in the same context to collect data. 
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Abstract- Rubberized concrete incorporates waste rubber particles as a partial 

replacement for sand, providing an innovative solution for the disposal of waste rubber 

tires and reducing the demand for natural sand in concrete production. Despite its 

environmental benefits, untreated rubber particles adversely affect concrete workability, 

density, and strength. However, pretreatment with alkaline solutions can mitigate these 

effects. This study investigates the impact of pretreatment with NaOH and bleaching 

powder solutions on the workability and density of rubberized concrete, focusing on the 

effect of soaking time. The results indicate that a 2-hour soaking time optimally enhances 

the workability and reduces the density of the concrete mix. Soaking beyond 2 hours 

results in a reduction in both slump and density, which could be detrimental to the 

concrete's strength. 

Keywords- Rubberized Concrete, Pre-treatment, Soaking Time, Alkaline Solution.   

1 Introduction 

Approximately 30billiontons of concrete are produced  globally in a year [1]. Natural aggregates for concrete are sourced 

from rocks and mountains, and the excessive use of natural sand in construction is disrupting the naturally balanced 

environment of the world [2]. Sand is not only heavily used in construction but also in electronic devices as a source of 

silicon. On the other hand, waste rubber tires are non-biodegradable and are often dumped in earth pits. In developing 

countries like Pakistan, people use them as fuel, which emits toxic gases into the environment. This situation necessitates 

the exploration of alternative materials to replace sand and the safe recycling of rubber tires. In the past, numerous studies 

have been conducted to recycle rubber tires in building materials. Due to the nature of rubber, many researchers believe 

that rubber can be used as a partial replacement for sand in cementitious materials. A few relevant past studies are described 

as follows: 

Gerges et al. conducted a study using rubber powder as a partial replacement for sand in concrete. The replacement levels 

were fixed at 5%, 10%, 15%, and 20%. The results revealed a reduction in compressive strength with an increase in 

toughness and impact resistance. The reduction in compressive strength was attributed to the lower level of adhesion 

between the cement paste and the rubber particles. [3]. Khan et al. examined the effect of rubber particles as a partial 

replacement for sand in concrete. The substitution levels were kept at 0%, 5%, 10%, and 15%. The results demonstrated a 

decrease in mechanical strength. The rubberized concrete was reported to have lower density and lower thermal 

conductivity. The decrease in strength was attributed to the lower level of bonding between the cement paste and the rubber 

particles [4]. Anwar et al. developed a porous concrete with enhanced skid resistance using rubber particles as a fractional 

substitute for sand. The replacement proportions were fixed at 0%, 5%, 10%, and 15%. The rubberized concrete exhibited 

lower mechanical strength, lower density, higher thermal insulation, and higher skid resistance in both wet and dry 

conditions. The reduction in strength was attributed to the elastically deformable and softer nature of the rubber particles, 

which induced additional pores and resulted in lower adhesion between the cement paste and the rubber particles [5]. For 

the enhancement of the bonding between the cement paste and the rubber particles, several other researchers have proposed 

pre-treatment of rubber particles with a compatible chemical before mixing with the concrete ingredients. Roychand et al. 

pre-treated the rubber particles in tap water and in a 5% dilute sulfuric acid solution for 2 and 24 hours before mixing. The 
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authors reported an increase in bond strength between the rubber particles and the cement paste and enhanced overall 

strength with the pre-treated rubber particles soaked for 2 hours. They found that the water molecules present in the rubber 

particles replaced the air inside the pores, facilitating a higher degree of hydration, which improved the interstitial transition 

zone (ITZ) [6]. Sattar et al. investigated the effect of the nature of pre-treatment chemicals on the performance of rubberized 

concrete (1:2:4). The authors used two types of chemicals: caustic soda and bleaching powder. They reported that bleaching 

powder was more effective in enhancing the bond between the rubber particles and the cement paste. This was attributed 

to the higher strength, lower water absorption, and reduced porosity of the resulting concrete [7], [8].  

This study aims to investigate the impact of pre-treatment and soaking time of rubber particles on the performance of 

rubberized concrete. Previous research shows that soaking times have explicitly defined. This work aims to explore an 

optimum soaking time for saving efforts. Building upon previous research, two pre-treatment chemicals were chosen: 

caustic soda (NaOH) and bleaching powder, also known as Calcium hypochlorite (Ca(ClO)2). The soaking time for pre-

treatment was set at 2 hours, 24 hours, and 72 hours. Sand in the concrete was replaced by 0%, 5%, and 10% rubber by 

mass of sand. The concrete's performance was assessed based on slump, fresh and hardened densities. 

2 Research Methodology  

2.1 Materials 

For this study, a 1:1.5:3 concrete mix ratio was selected, commonly used for residential structures, commercial buildings, 

and pavements. Ordinary Portland Cement (OPC) from a local brand, Paidaar cement, was used, with its chemical 

composition detailed in Table 1. Sand was sourced from Lawrencepur, and coarse aggregates were collected from 

Margalla. The properties of these aggregates are provided in Table 1. Waste rubber was chopped from tires at a local 

dumping site. The rubber pieces were converted to fine powder of the size of the sand by shredding. The composition of 

the concrete mix is detailed in Table 2. 

Table 1: Properties of cement and aggregates 

Cement Aggregates 

Component Percentage Properties Fine Coarse 

SiO₂ 21 Specific gravity 2.69 2.48 

Al₂O₃ 6.2 Fineness modulus 2.6 - 

Fe₂O₃ 2.4 Bulk density (kg/m3) 1500 1598  

CaO 62 Dry rodded density (kg/m3) 1850 1610  

MgO 1.2 Water absorption (%) 3.88 1.49 

SO₃ 3.7 Water content (%) 2.01 0.94 

LOI 2.4 Impact value (%) - 28.20 

  Crushing value (%) - 2.48 

 

Table 2: Materials composition per cubic meter of concrete 

Concrete Sample Cement (kg) Sand (kg) Crumb Rubber (kg) 
Coarse Aggregate 

(kg) 

Water 

(L) 

C0 244 365 0 730 116 

RC5 244 346.75 18.25 730 116 

RC10 244 328.5 36.5 730 116 

 

The gradation of the fine aggregates with crumb rubber was checked and compared with the natural sand through sieve 

analysis according to ASTM C136 method [9]. The concrete samples were prepared as per ASTM C31 specifications [10]. 

Cylindrical specimens were prepared for testing purposes. The crumb rubber particles were soaked in caustic soda and 

bleaching powder solutions for 2 hours, 24 hours and 72 hours prior to mixing in concreteCaustic soda (NaOH) is 

frequently used as an industrial cleaning agent. When added to water and applied, it can dissolve grease, oils, fats, and 

protein-based deposits. Bleaching powder (Ca(ClO)2) is a white color powder and is a cleaning agent like Caustic soda. 

Dilute solutions containing 5% by mass of caustic soda and bleaching powder were prepared. The rubber particles were 

immersed and stirred for uniform dispersion. Afterwards the rubber particles were left for soaking for a specific period. 
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2.2 Testing 

The slump of the concrete mix was determined through ASTM C143-20 method [11]. The fresh and hardened densities 

were determined by ASTM C642-21 method [12]. 

3 Results 

3.1 Workability 

The results are presented in Figure 1. In the Figure 1, the "simply modified samples" refer to samples containing rubber 

content without any pre-treatment. The results demonstrated that pre-treatment significantly enhanced the slump values. 

Specifically, for 5% rubber content, the slump increased from 40 mm to 49 mm with NaOH pre-treatment and to 46 mm 

with bleaching powder pre-treatment. For 10% rubber content, the slump increased from 31 mm to 47 mm with caustic 

soda pre-treatment and to 44 mm with bleaching powder pre-treatment. Additionally, it was observed that a 2-hour soaking 

time was sufficient to enhance the workability, with longer soaking times (up to 24 hours) showing no further improvement 

and a decreasing trend in slump values observed at 72 hours. These results suggest that pre-treating rubber with either 

NaOH or bleaching powder significantly enhances the slump, thereby improving workability, with NaOH being slightly 

more effective. Cleaning agents like caustic soda and bleaching powder removed contaminants, enhanced particle 

roughness, increased hydrophilicity, and improved integration with the mix, thereby enhancing workability [13], [14]. 

3.2 Density 

The fresh and hardened densities of the rubberized concrete are illustrated in Figure 2 (a) and Figure 2 (b) respectively. 

From these figures, it was evident that pre-treatment reduced the density of concrete. Additionally, the density decreased 

with an increase in rubber content. The lowest hardened density was observed in the samples treated with bleaching 

powder, showing a 12% decrease compared to the control specimen. In Figure 2, N2, N24, and N72 indicate specimens 

with rubber particles soaked in NaOH for 2, 24, and 72 hours, respectively, while B2, B24, and B72 refer to specimens 

with rubber particles soaked in bleaching powder for the same durations. The previous literature demonstrates that the 

cleaning agents owing to the enhanced bonding and surface characteristics, result in a reduction of air voids around the 

rubber particles, which improves the density [15], [16].  

 

Figure 2: Effect of pre-treatment on (a) Fresh density, (b) Hardened density.  
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Figure 1: Effect of pre-treatment on workability of concrete 
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4 Conclusion 

Based on the experimental work conducted, the following conclusions can be drawn: 

1. The pretreatment of rubber particles with alkaline solutions, specifically caustic soda and bleaching powder, is an 

effective method for enhancing the workability of rubberized concrete. 

2. A 2-hour soaking duration of rubber particles in caustic soda and bleaching powder solutions significantly 

improves the workability of rubberized concrete, increasing it by up to 22% compared to rubberized concrete 

with untreated rubber particles. 

3. The 2-hour soaking treatment of rubber particles results in a 12% reduction in the density of the concrete 

compared to control specimens. 

4. The study indicates that a 2-hour soaking time is optimal for achieving desirable slump and density values. 

Prolonged soaking times of 24 and 72 hours lead to a deterioration in workability and a further reduction in 

density, which negatively impacts the strength of the concrete. 
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Abstract- Concrete, the most widely used construction material globally, has a significant 

environmental impact due to the extraction of virgin materials and high carbon dioxide 

emissions. This paper specifically investigates methodologies to enhance concrete 

sustainability, focusing on the incorporation of waste materials and the development of 

green technologies. Through detailed analysis, trends such as the use of recycled 

aggregates, industrial by-products like fly ash and slag, and innovative materials like 

nano-silica were reviewed. Key findings include improved mechanical properties and 

reduced environmental footprints of these sustainable concretes. The paper also addresses 

challenges in market adoption, advancements in material processing techniques, and the 

potential for these practices to significantly support sustainable urban development. 

Keywords- Sustainable Concrete, Waste Utilization, Green Building Materials, Environmental Conservation, Recycling. 

1 Introduction 

Concrete is essential for global construction and infrastructure, but its widespread use causes significant environmental 

impacts, including habitat disruption and high carbon dioxide emissions. For illustration, traditional concrete production 

contributes approximately 8% of global carbon emissions, highlighting its environmental impact. Additionally, extracting 

raw materials for concrete disrupts natural habitats, leading to biodiversity loss. In 2021 alone, the concrete industry 

consumed 25 billion tons of sand, exacerbating erosion and habitat destruction. Furthermore, land degradation from mining 

for concrete components affects over 100,000 square kilometers of land annually, showcasing the extensive ecological 

footprint of this material, highlighting the urgent need for sustainable alternatives in the construction industry [1, 2]. To 

address these environmental concerns, the construction sector is actively exploring sustainable practices that minimize 

waste and reduce carbon emissions. A key focus area is the integration of waste materials as partial substitutes for 

traditional concrete components. Research has demonstrated that materials such as plastic, glass, fly ash, slag, and 

construction waste can effectively replace virgin substances in concrete mixes. This approach not only reduces reliance on 

natural resources but also provides a viable solution for managing and repurposing waste materials [3-5]. In addition to 

waste utilization, advancements in green concrete technologies are reshaping the landscape of sustainable construction. 

These technologies aim to enhance concrete properties while extending its lifespan, thereby reducing maintenance 

requirements and early replacement of structural elements. For illustration, the use of reinforcing fibers and recycled 

aggregates has been shown to improve the compressive and flexural strength of concrete, leading to more durable and 

environmentally friendly structures [6-9]. The transition to sustainable concrete production is challenged by concerns over 

cost, availability, and performance. Despite these hurdles, regulatory incentives and certification programs like LEED are 

crucial in promoting green building practices. These initiatives encourage the use of sustainable materials and technologies, 

aligning with goals for sustainable urban development and environmental conservation. As a result, the construction 

industry is increasingly adopting sustainable practices to meet regulatory standards and the demand for eco-friendly 

solutions. 

To accelerate this transition, a comprehensive approach is needed, integrating waste material utilization and green 

technologies. Innovations such as recycled aggregates, supplementary cementitious materials, and carbon capture 

technologies can significantly reduce the industry's environmental footprint. This review explores the effectiveness of 

these strategies in enhancing concrete sustainability, focusing on resource conservation, emission reduction, and overall 

environmental impact, along with their acceptability and implementation in the industry. This paper is structured into two 

main sections. The first section explores current strategies for utilizing waste and implementing green technologies in the 

construction industry. The second section assesses the industry's reception and current implementation of these sustainable 

practices, providing insights into their practical application and acceptance followed by conclusions and recommendations. 

Page 82 of 231

mailto:usman.ilyas@umt.edu.pk
mailto:fatima.ashfaq@umt.edu.pk


6th Conference on Sustainability in Civil Engineering (CSCE’24)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 24-126   

1.1 Recycled Aggregate Concrete 

Recycled aggregate concrete (RAC) offers a sustainable alternative to traditional concrete by reducing the consumption of 

non-renewable resources, utilizing construction waste, conserving land, and lowering CO2 emissions through reduced 

cement use. Consequently, RAC preserves natural aggregates, reduces waste disposal, and effectively conserves the 

environment while mitigating climate change, as described in Figure 1. Studies have shown that RAC can achieve 

mechanical properties comparable to conventional concrete, especially when high-quality recycled aggregates are used. 

This makes RAC suitable for a wide range of construction applications, including pavements and structural elements. Its 

adoption is increasing globally, supported by infrastructural law relaxations in several countries to promote its use [10, 

11].  

 
Figure 1: Environmental Benefits of using Recycled Aggregate Concrete 

1.2 Incorporation of Waste Materials 

Incorporating waste materials like recycled plastics, glass, industrial by-products and agricultural wastes into concrete 

enhances sustainability and specific properties [12, 13]. However, challenges include potential reductions in mechanical 

properties, compatibility issues with cementitious binders, and ensuring long-term durability [14, 15]. Addressing these 

challenges through innovative research is crucial which may involve usage of waste materials like waste polypropylene 

[16] and steel fibers recovered from old tires [17]. Even though much of it is recyclable, lots of waste polypropylene sadly 

ends up in landfill. Researchers are tackling the compatibility issues of incorporating waste materials into concrete through 

several innovative approaches. Surface treatments like carbonation are being used to enhance the bond between recycled 

aggregates and cement paste. The use of supplementary cementitious materials (SCMs) such as fly ash, slag, and silica 

fume is also improving performance and compatibility. Advanced characterization techniques, including scanning electron 

microscopy (SEM) and X-ray diffraction (XRD), are helping optimize mix designs. Additionally, nano-materials like nano-

silica and carbon nanotubes are being integrated to improve mechanical properties and durability. New chemical 

admixtures specifically designed for recycled aggregate concrete (RAC) are enhancing workability and performance, 

making the incorporation of waste materials more feasible and effective. Despite this, A significant barrier to practical 

implementation is the lack of comprehensive guidelines and standards for safe and effective use of waste materials in 

concrete.  

1.3 Geopolymer Concrete 

Geopolymer concrete offers environmental benefits and durability over traditional cement-based materials [18]. It reduces 

CO2 emissions and demonstrates superior resistance to various environmental factors. Produced through aluminosilicate 

polymerization, its properties can be optimized by adjusting activator-to-binder ratios. Adding fibers enhances its 

mechanical properties. However, challenges like property variability and material availability persist. Standardizing 

production, implementing quality controls, and establishing guidelines are vital for wider adoption. Incorporating waste 

materials as binders further boosts sustainability, making geopolymer concrete a viable alternative to conventional cement. 

One prominent example is the construction of the Brisbane West Wellcamp Airport in Toowoomba, Queensland, Australia. 

This airport, completed in 2014, is the world's first greenfield airport built using geopolymer concrete. The project utilized 

geopolymer concrete for various structural elements, demonstrating its feasibility and effectiveness as a sustainable 

construction material. This application not only showcased the material's environmental benefits but also highlighted its 

practical performance in large-scale infrastructure projects. 
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1.4 Use of Supplementary Cementitious Materials (SCMs) 

The adoption of Supplementary Cementitious Materials (SCMs) like fly ash, slag, and silica fume as substitutes for cement 

in concrete production has become increasingly popular due to their potential to lower carbon emissions and enhance the 

durability of concrete structures. Table 1 illustrates the global awareness and utilization levels of various SCMs. 

 
Table 1: Supplementary Cementitious Materials Usage in Construction Industry 

Material Name Chemistry of SCM Current State of Knowledge References 

Fly Ash (FA) Contains aluminosilicate materials 
Used up to 20% as SCM, improves 

mechanical and durability properties 
[1] [14] [19] 

Rice Husk Ash (RHA) High silica content 
Optimal replacement level in concrete 

is 10%, enhances compressive strength  
[2] [20] 

Palm Oil Fuel Ash 

(POFA) 
Contains siliceous and aluminous materials Increased compressive strength [20] 

Silica Fume (SF) Consists of amorphous silicon dioxide 
Enhances concrete strength, 

workability, and durability 
[1] [21] 

Ground Granulated 

Blast Furnace Slag 

(GGBFS) 

By-product of iron and steel making, 

contains calcium, silicon, magnesium, and 

aluminum oxides 

Used as SCM to reduce cement 

consumption, improves strength and 

durability of concrete 

[21] 

Metakaolin (MK) Produced by the calcination of kaolin clay 
Enhances durability properties of 

concrete 

[1] [21] [22] 

[23] 

Waste Brick Powder 

(WBP) 

Derived from brick waste, contains silicates 

and aluminates 

Usage up to 20% as SCM, improves 

compressive strength of and concrete 
[24] 

2 Adoption of Sustainable Practices in Construction Industry 

The adoption of sustainable practices in construction is vital for mitigating environmental impacts and promoting 

ecological balance. Sustainable construction (Figure 2), including the use of green building materials, energy-efficient 

designs, and waste reduction techniques, offers environmental and economic benefits. However, acceptance varies due to 

factors like awareness, cost, and regulatory support. Initial implementation costs and lack of standardized guidelines pose 

significant barriers, along with insufficient training for industry professionals. Despite these challenges, momentum is 

growing due to increased environmental awareness, regulatory pressures, and consumer demand for green buildings. 

Governments and industry bodies are supporting this shift with incentives and clear regulatory frameworks. Technological 

advancements are reducing costs and simplifying sustainable construction methods, making them more accessible. These 

trends are expected to diminish barriers, enabling more widespread adoption of sustainable practices in the construction 

industry.

 
Figure 2: Sustainable Practices in Construction 

3 Conclusions and Recommendations 

Incorporating waste materials and green technologies in concrete production offers significant potential for enhancing 

sustainability in construction. Utilizing recycled aggregates, supplementary cementitious materials, and innovative 

technologies like carbon capture can reduce environmental impact and enhance resource efficiency. Overcoming 

challenges such as material compatibility, optimizing mechanical properties, and standardizing production methods is 

critical for widespread adoption. Future research should focus on refining techniques for waste material utilization, 

conducting thorough durability testing, and establishing guidelines for safe implementation. These efforts will advance 

sustainable construction practices, ensuring concrete remains a resilient and eco-friendly building material. 
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Abstract- The measurement of chloride concentration (Cs) on the surface of the concrete 

is a crucial parameter for durable design and predicting concrete buildings' longevity in 

aquatic habitats. As a result of the effects of chloride, numerous reinforced concrete 

structures cannot achieve their intended or planned lifespan and undergo premature 

degradation. This study reviews both independent and ensemble machine learning 

methods applied previously, along with standard empirical provisions now in practice in 

the design industry. However, the empirical models have some uncertain calculation 

fallouts in some areas with different onsite constraints, which results in the diversion from 

experimental onsite measured chloride content. On the other hand, the machine learning 

model, which utilizes experimental data rather than an empirical calculation foundation, 

yields much better results but cannot be practiced in design fields due to its reliability on 

a small set of experimental data. Additionally, the statistical quality of experimental data 

and onsite experimental and environmental setup constraints are another chapter that 

needs to be addressed carefully. The overfitting issue is another drawback of machine 

learning models, though evolutionary models can derive the most superficial and complex 

empirical equations from surpassing the classical work in this field. The most recent 

machine learning model, trained on an extensive dataset, successfully incorporated 13 

essential features that present a way to confront traditional model limitations. In Swift, 

all the findings suggest that the predicted accuracy of standard models could be enhanced 

by incorporating more varied datasets and considering novel variables. It is recommended 

that a more extensive dataset using applied Physics Informed Neural Networks (PINNs) 

be employed to reduce overfitting and increase the application of ML models in design 

disciplines. 

Keywords- Conventional Models, Diffusion Constraints, LNEC Model, PINNs. 

1 Introduction 

Marine concrete's surface chloride content (Cs) is crucial in designing and considering durability. The growing importance 

of coastal infrastructure is giving rise to an increased focus on studying chloride-induced corrosion in reinforced concrete 

(RC) structures. Extensive and long-term investigations are currently conducted by researchers on the endurance of 

concrete when exposed to marine environments, resulting in a significant amount of test data [1]. Ahmad et al. [2] 

investigated the machine learning (ML) model application for calculating Cs in marine concrete containing waste. The 

durability design for marine concrete categorizes exposure circumstances into the air, splash, tidal, and submerged zones 

based on specific standards and recommendations [3], [4]. The benefits and suitability of the ML approach have been 

confirmed by comparisons with traditional experimental data based quantitative Cs models [5]. The forecast performances 

of ensemble ML model, standalone ML models, and traditional approaches are compared to determine if, considering 

domain restriction and applicability while normalizing the experimental data yielding, the best model for predicting 
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concrete Cs. By comparing traditional and ML methods, this study proposes using a novel method, PINNs, that may help 

with Cs Prediction and, hence, the durable design of RC structures in coastal settings. 

2 Empirical and Conventional Models 

Fick's second law of diffusion is often employed to characterize the total entrance of chloride into concrete, regardless of 

the zone [6]. Eq (1) provides the analytical solution for Fick's second law, commonly used in the service life design of 

reinforced concrete buildings in marine settings [7]. 

ⅆφ

ⅆt
= D 

ⅆφ
2

ⅆt2
 (1) 

 More specifically, from the perspective of marine concrete, we have simplified this to Eq (2) 

C(x, T) = Co + (CC − Co) [1 −   ERF ∗ (
x

 (4 ∗ D L ∗ T)
1
2

 
)] (2) 

Where C (x, t) is the chloride concentration after exposure time t, measured at distance x from the surface; Co represents 

initial chloride concentration in concrete, Cc represents apparent surface chloride concentration, apparent chloride diffusion 

coefficient is represented by DL, and the error function is represented by erf (•). Since Co is a constant, Cc and DL define 

the amount of chloride intrusion. A time-dependent material attribute, the chloride diffusion coefficient D may be 

calculated or predicted using data related to the microstructure and composition of the material. Cc is a more complex 

variable than DL since it varies on time, environmental factors, and material qualities. A convection zone is often seen in 

many concrete fields. In this scenario, the region of the chloride profile that involves the movement of particles in large 

quantities is adjusted to determine the value of Cs. Convection zones may not be visible in some laboratory experiments. 

Hence, the whole profile might be analyzed to determine Cs. Consequently, the vacant applicability space is created while 

calculating the ingress chloride when compared to the experimental results of the same marine site. Alongside empirical 

equations, we analyzed many conventional quantitative models of Cs, selecting only a few to substantiate their reliability 

and applicability compared to other options in the design industry, as represented in Table 1. 

Table 1: Ingress Chloride Conventional Models 

S.No Conventional Model (Applicability) Equation and Description Ref. 

1.  Cai-Yang (Submerged Zone) 𝐶𝑠−𝑡𝑠 = 4.12 ∗ 𝐴𝑐 ∗ (
𝑤

𝑏
) ∗ 𝐶𝑠𝑤 ∗ (1 − 𝑒−0.56∗𝑡)  [8] 

2.  DuraCrete (All Zones) 𝐶𝑠 = 𝐴𝑐 (
𝑤

𝑏
) [9] 

3.  Song's (All Zones) 𝐶𝑠 = 1.52 ∗ 𝑙𝑛(3.77𝑡 + 1) [10] 

4.  Chalee's (Tidal Zones) 𝐶𝑠 = [−0.379 (
𝑤

𝑏
) + 2.064] ln(𝑡) + [4.078 (

𝑤

𝑏
) + 1.01] [11] 

5.  Petcherdchoo's (Tidal Zones) 𝐶𝑠 = 10(0.814(
𝑤
𝑏

)∗0.213 + 2.11 ∗ 𝑡0.5 [12] 

6.  Costa's (Tidal Zones) 𝐶𝑠 = 0.38 ∗ 𝑡0.37 [13] 

7.  LNEC (All Zones) 𝐶𝑠 = 2.5(𝑤
𝑏⁄ )𝑘𝑇𝐶𝑏 [14] 

8.  Cai's (Tidal and Splash Zones) 𝐶𝑠−𝑡𝑠 = 10.01 ∗ 𝐴𝑐 ∗ (
𝑤

𝑏
) ∗ (1 − 𝑒−0.96∗𝑡) [15] 

*Csw: Seawater Chloride Concentration (%),  *Ac: binder type correction factor (%) , *t: exposure time (years), 

*kT: coefficient accounting for the concrete temperature and *Cb: Cs in the conditions of the specific coastal (%),  

The Root-Mean Square Error (δ) and the μ (projected to the experimental values mean ratio) are used to assess each model's 

prediction accuracy and determine their usefulness. Among the eight standard Cs models, the Cai-Yang model possesses 

the best fitting accuracy, with δ being 1.71% and μ being 1.17 applicable to only submerged zones. The empirical equation 

of this model relies on the water-to-binder ratio (w/b) and Ac (a correction factor representing the binder type). The 

performance of the Song's and DuraCrete models is inferior to that of the Yang model. The DuraCrete, like the Cai-Yang 

model, relies on identical parameters but can be implemented throughout all zones. Furthermore, Song's model [10], unlike 

the other two models, relies on the duration of exposure and suggests a logarithmic relationship between Cs and t. Costa's, 

Petcherdchoo's, and Chalee's models provide accurate forecasts but are limited in their applicability to the tidal zone. A 

thorough comparison of traditional models reveals that a model that incorporates a broader range of data sources and 

considers more influential elements has the potential to achieve superior performance in forecasting Cs. Costa et al. [13] 
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demonstrated that the Cs in concrete exposed to all climates except submerged zones consistently rise over time, 

irrespective of the concrete compositions used. Power functions were used to fit time-dependent models of Cs based on 

long-term exposure field data for concrete. The LNEC Model suggests that the Cs model is a folded-linear equation, where 

Cs increases linearly during the initial exposure stage and then reaches and maintains a constant value during the stable 

stage following prolonged exposure. Petcherdchoo et al. [12] proposed the Cs model as a nth root function. However, the 

model's projected values were found to overestimate the Cs during the steady period of concrete weathering. 

Some investigators also offered exponential time-dependent Cs models. Time-dependent Cs models in the literature 

contain exponential, logarithmic, linear, folded-linear, and square root functions. These models were not developed entirely 

from field test data but with several expedited lab tests.  

3 Machine Learning Models 

While using Eq. (2), recommendations often assume that Co remains constant in specific surroundings. However, this 

assumption might result in a substantial margin of error. Several previous studies have shown a wide range of field values 

for Co and have also presented quantitative frameworks for this significant parameter [8], [15], [16]. Nevertheless, the 

models could have performed better in accurately predicting or describing Cs. This is due to the intricate nature of Cs, 

which is influenced by numerous factors, including environmental conditions (such as chloride levels in seawater, 

zonation, carbonizing effects, climate, and relative the level of humidity), material properties (such as content of binder, 

composition of binder, ratio of water and binder(w/b)), and the period of contact. Cia et al. [17] applied the ensemble ML 

technique to forecast the chloride content in marine concrete with the highest correlation factor up till now in the literature. 

However, these models fail to adequately capture the pattern of fast initial growth followed by eventual stabilization of Cs 

levels [11], [18]. In addition, several models failed to include other crucial elements, namely, the composition of materials 

and the classifications of environmental actions. Previous studies [12], [16], [19] have developed predictive models for Cs 

concentrations based on the (w/b) and exposure duration (t). However, these models did not include the influence of binder 

type and environmental conditions. The models presented in [9] and Costa et al. [14] include variables related to materials 

and environmental action classes in the context of Cs. However, these models fail to include the significant influence of 

exposure duration. These typical quantitative Cs models are limited in addressing all significant elements due to 

insufficient experimental data and a robust flow to account for many variables. The empirical equations, conventional 

models, and ML models had flaws due to reliability, limited applicability, and overfitting. ML experts often recommend 

an extensive dataset with more reliable parameters. This often leads to synthetic and experimental data in a controlled 

environment with different site conditions and climate catalysts. However, taking in-depth data trends from such a diverse 

dataset, Artificial Neural Networks (ANN) is insufficient. This review study recommends that the Physic Informed Neural 

Networks (PINNs) forecast the marine concrete chloride content. A PINN is a network that integrates physical rules or 

principles into its structure and training methodology. Incorporating physics into the neural network makes it more adept 

at accurately representing and following the fundamental equations regulating a given system. Fig. 1 illustrates that data 

taken by PINNs will result in a prediction later compared with experimental values and onward fed back to the same loop, 

reinforcing the accuracy and making the loop dynamic. 

 
Fig. 1: PINNs Workflow Loop 

They are engineered specifically to adhere to and integrate established physical rules or equations that govern a particular 

system. This is accomplished by integrating words into the neural network design that embodies these fundamental 

physical laws. PINNs seek to integrate the advantages of data-driven machine learning by explicitly incorporating physics 

rules. This enables the model to provide precise forecasts using the existing data while staying in line with the underlying 

rules governing the system. They are significant when a limited amount of data is available or when acquiring data is 

costly. These networks may provide precise forecasts using the constraints even when training data has low dimensions. 
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4 Conclusion 

This study reviews the employed ensemble and independent ML prediction techniques in contrast with the empirical 

equations for chloride content in marine space while considering the experimental data as standard. Fick's law is the most 

practiced empirical equation, but it has flaws due to parameter representations and inclusive relationships. Some 

conventional quantitative models addressed all zones of the marinated environment but still lag experimental data due to 

missing critical parameters. In contrast, others are limited to specific zones and yield good results in local environments. 

ML Models considerably have more accurate results than conventional models and design practical equations. The most 

diverse dataset considered till now consists of 642 data points from different zones, but due to the data clustering, 

linearization, and symmetry, the issue of overfitting arises, which suggests that Physics-Informed Neural Networks 

(PINNs) should be used instead of Artificial Neural networks (ANNs) while tackling the experimental setup discrepancies 

across laboratory research. To improve proposed model's endurance and dependability, future research should concentrate 

on controlled experimental testing with PINNs, a reliable source for data collection in the same setting from different 

environmental conditions with more diverse parameters taken into account. 
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Abstract- The following experiment presents a method for evaluating the earthquake 

resistance of confined masonry buildings before and after being strengthened using fiber-

reinforced polymer (FRP). The results of this research are anticipated to substantially 

impact future studies' direction and design guidelines' development, contributing to the 

global understanding of seismic retrofitting in confined masonry structures. A 1:3 scale-

down single-story confined masonry structure (CM) constructed by ERRA guidelines was 

subjected to a novel application of a consistent vertical force and displacement-based 

reverse cyclic lateral loading up to maximum resistance. The damaged model underwent 

a retrofit using fiber-reinforced polymer (FRP) and was then tested again until it failed 

under the same conditions. The efficiency of FRP retrofitting was assessed through a 

thorough examination of the damage distribution and force-displacement characteristics 

of the retrofitted confined masonry structure (RCM) compared to the original confined 

masonry structure (CM). The experimental data, presented as force-deformation 

parameters, clearly demonstrate the benefits of FRP in improving lateral displacement 

and deformability. 

Keywords- Confined Masonry, Retrofitting, Seismic.  

1 Introduction 

The most admired type of residential structure is masonry. These structures are economical and have good thermal 

insulation properties, with aesthetic vistas. Three types of masonry structures exist confined masonry (CM), un-reinforced 

masonry (URM), and masonry infill RC frame structures. After the Kashmir earthquake in October 2005, which resulted 

in 73000 fatalities and left 70000 people injured, 3.5 million individuals were also displaced from their homes.[1]. Most 

damaged structures were unreinforced masonry (URM) buildings[2]. Confined masonry (CM) is now extensively utilized 

for cost-effective building construction, addressing the issues about unreinforced masonry, and this study aims to validate 

its effectiveness further. The confined masonry structures have also sustained significant damage in previous earthquakes. 

Now, buildings that have experienced partial damage can be retrofitted or rebuilt. We often lean towards retrofitting as it 

is more cost-effective and efficient than reconstruction, providing a sense of reassurance and confidence in our approach. 

Different researchers have analyzed different retrofitting techniques.[3]  

Different researchers have worked on the behavior of FRP-retrofitted masonry walls under seismic forces. Relatively, no 

study has been seen on an experimental investigation of the influence of FRP on confined masonry structures built 

according to the ERRA guidelines, which represents the typical building structure found in the northern regions of Pakistan. 

In this context, a 1:3 scale-down CM single-story structure was built and placed to a quasi-static lateral load test. The 

damaged building underwent retrofitting with FRP before being retested to assess the repair approach's effectiveness. The 

experimental results regarding lateral deformation and deformability were compared and discussed.  
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2 Research Methodology  

2.1 Test Specimen 

A typical 1/3 reduced-scale confined masonry structure was built at UET Peshawar. First, the test specimen was 

constructed on a substantial reinforced concrete raft footing of dimension 72”x64”x6” (length x width x height) ), 

reinforced with 12mm bars placed at 4-inch intervals in both directions, all vertical confinement elements (3”x3”) rebar 

were extended from the foundation to the RCC slab, were cast. The building was erected upon the pad using handmade 

burnt clay brick units till sill band. Then, the openings (a door and window) were provided, which were confined 

horizontally and vertically with the seismic band and lintel band, having a cross-section of 2”x3” (depth x width), 

reinforced with four longitudinal bars of 3/24” diameter and stirrups of 3/24” diameter spaced at 12” c/c. Similarly the 

construction was continuous up to lintel band. Finally, the construction of specimens was completed by casting 3” thick 

RC slab. Details of the room are shown in Figure 1. 

 

a)  b)  

Figure 1: Test Specimen, a. Plan view of the Model, and b. Elevation view of the model 

2.2 Testing 

The upper part of the specimens was clear to enable unrestricted movement in all directions while keeping the lower part 

immobile. A constant vertical load of 735 kg was imposed by placing steel plates of known weights above the specimen. 

The structure was subjected to lateral load with the help of a hydraulic jack. Horizontal displacement was recorded by 

connecting twelve LVDTs. The load cell and LVDTs were connected to the UCAM-70A data logger to record the induced 

load and resulting displacement and strains at various locations.  

The structure was placed to displacement control horizontal loading with a constant vertical load at the roof level. Each 

cycle of displacement is comprised of two (negative and positive) amplitudes, with similar loading conditions in both 

directions. Starting from 0.25mm, all displacement cycles were repeated three times. After every cycle, the appeared 

cracked marked with marker and prepare short note from load and displacement. This load cycle procedure was in progress 

until the load decreased by 20% of the maximum load because, in this stage, the structure could be retrofitted.  

3 Retrofitting Technique 

3.1 Retrofitting with FRP 

The cracks and overall structure were cleaned with a brush, and loose mortars were replaced with fresh mortar. Then, 

injection ports or nozzles made of plastic, each with a diameter of 6 mm, were placed into pre-drilled holes located at 

intervals of about 150 mm along the cracks. The surface cracks were sealed using cement mortar and left to cure for seven 

days. Before grout injection, the air was directed through nozzles to eliminate any dust inside the cracks and to inspect the 

connection between the nozzles. Grout was pumped under high pressure of over 0.6 MPa from the lower to the upper 

nozzles against the force of gravity. The CFRP's woven structure was unidirectional. The FRP strips, which have a width 
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of 3 inches, were bonded in the vertical direction on the coated surface, and then, The FRP strips received an additional 

layer of epoxy coating.CHEMDUR-52 LP of components A and B with 2:1 was used as epoxy resin. Anchors were 

installed to prevent FRP strip detachment and to improve the bond performance between the FRP and masonry substrate. 

The FRP strips received a final epoxy coat to avoid the detachment of the FRP strips and improve the bonding performance 

between the FRP and the masonry substrate anchors during testing. The Retrofitted CM structure (CFRP-Retrofitted 

masonry) was subjected to the same loading condition and test procedure as the control specimen. 

4 Results 

4.1 Before Retrofitting 

A cyclic horizontal load was performed on the model. The damage scheme is shown in Figure 2. A. The primary type of 

failure observed was a step crack that traversed mortar joints and a diagonal shear crack in the confined vertical column at 

the joint where the slab corner meets. The experiment was halted when reaching a maximum displacement of 19 

millimeters, resulting in moderate damage. Figure 2. b illustrates the envelope curve of the CM structure. The structure 

reached its high lateral load-resisting capacity (40.50 KN) at 18mm displacement, after which strength degradation started. 

 

a)  b)  

Figure 2: CM results, a.  Failure of confined vertical column b. Envelope curve 

4.2 After Retrofitting 

Similar to the CM structure, a shear crack at an angle appeared in the tie column near the corner joint of the slab, which 

was wide enough to be visible during testing, and the FRP was ruptured at that point, as shown in Figure 3. a. The test was 

then stopped. Figure 3. b shows hysteresis loops of retrofitted confined masonry structures. The structure's highest 

resistance was 57KN, reached at a displacement of 28mm, following which there was a gradual decrease in strength. 

 

a)  b)  

Figure 3: Retrofitted CM results, a.  Failure of retrofitted confined tie column b. Envelope curve 
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4.3 Force-Deformation Parameters Comparison 

A comparison of the force deformation parameters is shown in Table 1. 

The estimated maximum load, Vu, is calculated using the formula Vu=0.9Vmax. The effective stiffness, Keff, is 

determined by dividing 0.75Vu by the displacement on the envelope curve that corresponds to it. The displacement at yield 

is determined by the formula ∆y=Vu/Keff. The maximum displacement occurs at a location corresponding to 0.8 times the 

ultimate shear strength in the envelope curve. Once these values have been calculated, the displacement ductility, 

represented by μ, is defined as the ultimate displacement divided by the yield displacement, or μD = ∆u/∆y[4]. The 

response modification factor (R) and the displacement amplification factor (Cd) were computed using equations 4.1 and 

4.2, respectively.        

𝑅 = √2𝜇 − 1 eq.4.1  𝐶𝑑 =
𝜇

√2𝜇−1
 eq.4.2 

Table 1: Force-deformation parameters 

Parameters CM specimen CFRP-retrofitted Specimen Ratio (CFRP-retrofitted/CM) 

Maximum load Vu (kN) 36.45 51.30 1.40 

Elastic Stiffness (kN/mm) 18.22 6.41 0.35 

Yield Displacement (Δy) (mm) 2.00 8.00 4.00 

Ultimate Displacement (Δu) (mm) 19.00 32.00 1.68 

Displacement Ductility μ 9.5 4.00 0.42 

Response modification factor (R) 4.24 2.64 0.62 

Displacement amplification factor (Cd) 2.23 1.51 0.67 

 

5 Conclusion 

The following conclusions can be drawn from the conducted study: 

1 Externally bonded CFRP strips are an effective retrofitting system for enhancing the seismic performance of CM 

buildings. 

2 After retrofitting, the structure's lateral load capacity increased from 40.50 kN to 57 kN, 40.7 % higher.  

3 Formability experienced a substantial decrease of 0.42. 

4 The modification factor R and the displacement-amplification factor Cd were determined based on the idealized 

bilinear curves for the cases before and after retrofitting. The values for R and Cd were 34.24 and 2.23 for the original 

buildings and 2.64 and 1.51 for the retrofitted structure, respectively. Values for consideration in the development of 

seismic design guidelines are recommended. 

Acknowledgment 

The author would like to thank the staff of the Civil Engineering Department, University of Engineering and Technology, 

Peshawar, for their support and guidance. The careful review and constructive suggestions by the anonymous reviewers 

are gratefully acknowledged. 

Reference

 

[1] Asian Development Bank/World Bank (ADB/WB), “Preliminary Damage and Needs Assessment-Pakistan 2005 Earthquake, 

Report No. ADB-WB 2005.” 2005. 

[2] M. Javed, “Seismic Risk Assessment of Unreinforced Brick Masonry Buildings System of Northern Pakistan,” p. 200, Jan. 

2009. [Online]. Available: https://www.researchgate.net/publication/257943495 

[3] M. ElGawady, P. Lestuzzi, and M. Badoux, “A REVIEW OF CONVENTIONAL SEISMIC RETROFITTING 

TECHNIQUES FOR URM”. [Online]. Available: https://www.researchgate.net/publication/312341576 

[4] Z. Ahmad et al., “Seismic Capacity Assessment of Unreinforced Concrete Block Masonry Buildings in Pakistan Before and 

After Retrofitting,” J. Earthq. Eng., vol. 19, no. 3, pp. 357–382, Apr. 2015, doi: 10.1080/13632469.2014.963744. 

 

Page 93 of 231



6th Conference on Sustainability in Civil Engineering (CSCE’24)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 24-212   

 

A CASE STUDY ON REMEDIAL MEASURES FOR FIRE-

DAMAGED STRUCTURE 
a
 Muhammad Dawood Ali

*, bAli Ejaz 

a: Rk Engineering & Consulting Services, Islamabad, Pakistan. kdaud914@gmail.com 

b: Center of Excellence in Earthquake Engineering and Vibration, Department of Civil Engineering, Chulalongkorn University, 

Bangkok 10330, Thailand. enggaliejax@gmail.com 

* Corresponding author.

 

Abstract- This paper addresses solutions for buildings damaged by fire and the measures 

needed for their future usability. Some buildings suffer severe damage from intense fires, 

while others can be salvaged with a swift response. The case study focuses on Galaxy 

Heights, a five-story multipurpose building in Gulberg Greens, Islamabad, which, despite 

significant fire damage, remained usable. During the site visit, no major structural damage 

was observed, indicating that the building could be rehabilitated using a proposed solution 

that includes various strengthening chemicals, fire-resistant paint, and the installation of 

a proper firefighting system. The implementation of this restoration methodology 

successfully restored the building to its normal usage. 

Keywords- Deterioration, Thermal, Strengthening, Retrofit.  

1     Introduction   

Gulberg is a major construction project in Islamabad, featuring numerous residential and commercial buildings. Developed 

by the Intelligence Bureau Residential Housing Society, it is strategically located in the heart of Islamabad, along the 

Islamabad Highway Express. The project is conveniently situated, a 10-minute drive from G.T. Road and only 6 to 7 

minutes from the Capital University of Sciences and Technology. Additionally, it is just 10 to 12 minutes away from the 

Blue Area of Islamabad [1]. During their lifespan, buildings are exposed to a range of hazards, including natural events 

such as earthquakes, hurricanes, and tsunamis, as well as man-made incidents like fires and explosions. These hazards 

pose significant risks, potentially causing partial or total collapse of buildings, rendering them inoperative. To mitigate 

these risks, buildings in projects like Gulberg are designed with advanced engineering techniques and materials to enhance 

their resilience. This includes incorporating seismic design principles, fire-resistant materials, and robust structural systems 

to ensure the safety and longevity of the infrastructure. Additionally, regular maintenance and inspections are conducted 

to identify and address any potential vulnerabilities, ensuring that the buildings remain safe and functional throughout their 

intended lifespan [2]. In the event of operational hazards, such damage or failure can pose a significant threat to the safety 

of residents and result in substantial direct and indirect financial losses. Direct losses include the cost of repairing or 

rebuilding damaged structures, while indirect losses encompass disruptions to daily life, business operations, and the 

broader economy. To mitigate these risks, it is crucial to implement comprehensive safety measures and emergency 

response plans. This includes advanced engineering techniques, rigorous building codes, regular maintenance, and 

proactive disaster preparedness programs. Ensuring the resilience and safety of buildings not only protects residents but 

also minimizes financial impacts and enhances community stability and economic resilience. 

Therefore, structures are constructed to endure various expected risks [3]. These designs safeguard structural integrity and 

protection throughout the building's lifespan. Fire is one of the most dangerous hazards, and fire safety encompasses a set 

of methods aimed at preventing fires and mitigating their effects. Key fire safety measures include the use of fire-resistant 

materials, installation of smoke detectors and sprinkler systems, and the incorporation of fire escapes and emergency exits. 

Additionally, buildings are equipped with fire alarms and extinguishers, and regular fire drills are conducted to ensure 

occupants are prepared in case of an emergency. Proper planning and adherence to fire safety regulations are essential in 
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minimizing the risk of fire-related incidents and ensuring the safety and well-being of residents and users [4], [5]. When 

internal stresses surpass the allowable tensile limits of concrete elements, thermal cracks and spalling can initiate within 

the material. The deformation characteristics under uniaxial stress of the concrete composite are distinctly manifested 

based on its type [6]. Fire safety also involves managing the development and consequences of accidental or intentional 

fires. Fire safety in structures is currently ensured by various specifications outlined in the Building Code of Conduct. 

Active fire protection techniques, such as sprinklers, heat and smoke detectors, are crucial for detecting, controlling, or 

extinguishing fires at an early stage, which is vital for life safety [7]. Passive fire protection techniques, including both 

structural and non-structural modules, are designed to guarantee the stability of the structure during a fire and to prevent 

its spread. Their primary purpose is to provide sufficient time for firefighting and rescue works and to reduce financial 

costs [8]. Fig. 1 provides some forms of active and passive fire protections.  

This paper addresses solutions for buildings damaged by fire and the measures needed for their future usability. The 

objectives of this work are to evaluate the extent of fire damage, propose effective rehabilitation techniques, and ensure 

the restored buildings meet safety standards for future use. The case study focuses on Galaxy Heights, a five-story 

multipurpose building in Gulberg Greens, Islamabad, which, despite significant fire damage, remained structurally sound. 

During the site visit, no major structural damage was observed, indicating the building could be rehabilitated. The proposed 

solution includes applying various strengthening chemicals, fire-resistant paint, and installing a proper firefighting system. 

This restoration methodology not only restored the building to its normal usage but also enhanced its resilience against 

future fire incidents, ensuring long-term safety and functionality. 

 

Figure 1: Active vs. passive fire protections (examples) [9] 

1.1     Fire Causes/Reason  

For the subject building, initial observations indicated that the fire started due to a short circuit in the main distribution 

board of the generator. Around 7 A.M., when the Water and Power Development Authority (WAPDA) shut down 

electricity (load shedding), the generator activated automatically. As the generator began supplying power to the board, a 

short circuit occurred, igniting the fire. The fire then spread to the generator control room and eventually engulfed the 

entire top floor of the building. These initial observations were later confirmed by the findings of the firefighting team [7].  

2     Post-Fire Observed Damages  

Heat transfer significantly impacts the mechanical and thermal behavior of both concrete and steel. Thermal propagation 

causes heat to move from one point to another, affecting the materials. When steel is exposed to high temperatures, it loses 

its mechanical properties and experiences additional thermal strain [10]. Compared to steel, concrete loses strength at 

relatively higher temperatures. Unlike steel, concrete does not melt but deteriorates and decomposes. Concrete starts losing 

its strength around 500-600 degrees Celsius. Upon cooling, it loses strength again, behaving like a brittle material. 

Exposure to direct fire damages the structural properties of concrete, and the redistribution of forces within the structure 

increases the probability of failure of structural members [4].  

2.1     Concrete Colors at Different Temperatures (Visual Color Change) 

After the fire incident, the building owner engaged a company called “RK Engineering & Consulting Services, Islamabad” 

to assess the damage caused by the fire. The company dispatched a team of senior civil engineers to inspect the condition 
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of Galaxy Heights and document the damage. The team made the following observations. Table 1 details the changes in 

concrete color over a range of fire exposure. 

• Two columns of the 5th floor were found damaged by fire. (concrete covers were damaged & steel was exposed 

but remained undamaged) 

• Two beams of the 5th floor roof were found damaged by fire. (concrete covers were damaged & steel was exposed 

but remained undamaged) 

• 5th floor roof was burnt up to some extent  

• Wooden sealing was found burnt. 

• Wooden doors were burnt. 

• There was some furniture on the 5th floor of the building that caught fire. 

 

Table 1: Color changes in concrete due to temperature 

Temperature Range, ⁰C Concrete Color Visual State 

Smaller than 300 Normal Normal Normal 

300 to 600 Pink to red 
Surface crazing, cracking 

and aggregate pop outs 

Sound but strength may 

be reduced 

600 to 950 Whitish grey 

Spalling, exposed of 

steel reinforcement and 

powdered existence 

Weak 

Greater than 950 Buff Extreme spalling Extreme/severe 

 

3     Possible Solutions to Make Reusable Building 

• Strengthening the columns, beams, and slab of the 5th floor by increasing the size of structural element. 

(by using strengthening chemicals in concrete + plaster) (Design change) 

• Repair structural damage by using different strengthening chemicals and apply fire resistant paint with 

proper firefighting system installation. 

• Provision of steel bracings to weak structural elements (columns, beams) 

• Substitute structural element introduce (column, beam) 

• Demolish the entire structure and rebuild the whole building.  

• Rebuild only 5th floor of Galaxy Heights.  

• Repair the damaged portion the same as it was before fire simply by ordinary concrete and plaster. 

(Without any epoxies, chemical use in it).  

 

3.1     Most Economical Solution/Purposed Solution from Engineering Point of View 

As engineering point of view, keeping in experience and technical knowledge of structures and building load transfer 

mechanism we will go for second point, i.e., “Repair structural damage by using different strengthening chemicals, retrofit 

new wooden feature parts, and apply fire resistant paint with proper firefighting system installation” The main purpose of 

this solution is related to the building condition [8]. The structure was not in the worst condition, and it could be repaired 

with structural strengthening chemicals like Sikawarp-300 (structural strengthening fabrics) & Sikawarp-900C (Stitched 

carbon fiber fabric). In addition to this, we will go for SBR Chemical (Ressi SBR 5850) & SLR chemical (SLR-L 4601) 

joints in steel and concrete [8]. 
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3.2     Solution Mechanism Proposed  

The recommended rehabilitation measures for the fire-damaged Galaxy Heights building in Gulberg Greens include 

several crucial steps. First, remove all damaged or weakened concrete and plaster from the affected areas, including 

columns, beams, and slabs, to ensure a clean and stable base for repairs. Next, replace weakened reinforcement and apply 

strengthening chemicals to improve the efficiency of bonds between steel and concrete. Use plaster mixed with chemicals 

containing carbon fibers, such as Sikawarp-900C, to enhance structural strength. Once the structural damage is rectified, 

apply fire-resistant paints to the repaired columns, beams, and slabs. Install new wooden doors treated with fire-resistant 

epoxies to further enhance safety. Finally, implement a comprehensive firefighting plan, ensuring that all systems, 

including fire alarms and sprinklers, are up to date and fully operational. These measures are designed to restore the 

building’s structural integrity, improve fire safety, and ensure the building’s future usability. 

4     Conclusions  

In conclusion, the assessment of the fire damage to Galaxy Heights in Gulberg Greens, Islamabad, reveals both the 

immediate challenges posed by the fire and the potential for effective remediation. Despite significant damage to elements 

such as columns, beams, and wooden features, the structural integrity of the building remained largely intact, offering hope 

for restoration and reuse: 

• Despite fire damage, Galaxy Heights presented an opportunity for restoration, ensuring continued 

utilization of existing infrastructure. 

• By employing advanced strengthening chemicals, refurbishing wooden features, and implementing fire-

resistant coatings, structural integrity could be regained. 

• The proposed solution balances effectiveness with cost-efficiency, offering a practical approach to 

rehabilitation. 
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Abstract- Urban fires pose significant risks to structures, lives, and the environment, 

necessitating efficient post-fire rehabilitation methods. This paper explores the 

assessment, retrofitting techniques, and sustainable solutions for fire-damaged low-rise 

reinforced concrete (RC) structures. Understanding fire behavior and its impact on 

concrete integrity is crucial, with post-fire assessments playing a pivotal role in 

determining structural viability. Various parameters, including temperature variations and 

concrete conditions, are evaluated to quantify fire damage accurately. Retrofitting 

techniques aim to restore structural integrity, with bamboo fiber reinforcement emerging 

as a sustainable alternative. Bamboo fibers enhance strength and durability while 

reducing reliance on non-renewable materials, offering cost-effective solutions for urban 

infrastructure repair. This research emphasizes the importance of sustainable 

rehabilitation practices to mitigate the impact of fires on urban infrastructure. 

Keywords- Assessment, Bamboo Fibers, Retrofitting Techniques, Sustainable Solutions, Urban Fires. 

1 Introduction 

Urban fires cause significant property damage and loss of life. Rehabilitating fire-damaged concrete structures must 

consider structural integrity, safety, and sustainability. Sustainable rehabilitation methods are crucial for mitigating the 

impact on urban infrastructure, especially in underdeveloped nations where fire disasters are common [1]. To address the 

sustainability and effectiveness of bamboo fibers in post-fire retrofitting, a summary of research studies and their findings 

is provided in Table 1. This compilation highlights the benefits and applications of bamboo fibers in enhancing the 

structural integrity of fire-damaged concrete structures. Fire-damaged RC structures worldwide showcase the resilience of 

reinforced concrete. Despite intense flames, these buildings often retain their integrity and avoid collapse, demonstrating 

recovery potential from fire disasters [1]. Studies of rare events like fires triggered by earthquakes highlight various risks 

to buildings, including natural and human-induced causes such as hurricanes and explosions, which can lead to structural 

failure [2]. Fires exceeding 1000°C weaken construction materials, threatening stability and increasing the risk of collapse 

[3-6]. 

Understanding fire behavior from pre-flashover to post-flashover stages is crucial [7]. During the pre-flashover phase, 

toxic gases like carbon monoxide, hydrogen cyanide, and phosgene pose severe health risks. Combustion smoke irritates 

and obstructs escape routes, heightening the risk of toxic gas inhalation and burns. Oxygen depletion during fires escalates 

these hazards, posing a significant threat to personal safety [8-9]. Fire-related incidents result in billions of dollars in losses 

globally, emphasizing the need for efficient prevention and mitigation strategies [7]. Combustion, firefighting, and 

hazardous substance releases contribute to environmental pollution. They worsen air and water contamination and cause 

significant environmental deterioration [10]. It's vital to engineer structures to withstand various risks, including fire, 

ensuring human safety and environmental sustainability throughout their lifecycle [2]. 
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Table  1: Research summary on bamboo fibers in post-fire retrofitting of concrete structures 

Fire significantly impacts reinforced concrete (RC) structures, reducing their load-bearing capacity. Assessing post-fire 

strength is crucial for effective repairs, with research focusing on concrete flexural strength under fire conditions [11]. 

Although concrete is non-combustible, high temperatures weaken its integrity, necessitating robust assessment frameworks 

for fire damage. Rehabilitating fire-damaged concrete structures is essential for safety and functionality. Integrating 

bamboo fibers into concrete offers a sustainable solution, enhancing fire resilience, reducing residual deformations, and 

improving post-fire strength and durability [1-6, 22-25]. This review highlights the novel use of bamboo fibers in post-fire 

rehabilitation, promoting eco-friendly practices in mitigating structural damage. 

2 Quantification of Fire Damage in Low-Rise RC Structures 

Fires pose significant risks to lives, RC structures, and the environment. This article focuses on fire-related issues in RC 

buildings and low-rise structures, examining fire damage using petrographic techniques. It identifies firefighting system 

deficiencies and safety measures. Visual inspection is crucial for evaluating RC elements' quality, cracks, and bond 

condition, while surface examination assesses color change, crazing, and cracking. Table 2 provides data on temperature 

variations, color changes, appearance alterations, and concrete conditions [18]. For assessing fire damage in low-rise RC 

structures, various techniques are used based on fire intensity. At early stages (0 to 300°C), visual and surface inspections 

detect initial cracks and color changes. For moderate exposure (300 to 600°C), petrographic analysis and infrared 

thermography reveal internal damage. In severe conditions (600 to 950°C), ultrasonic testing and core sampling assess 

internal and reinforcement damage. For extreme fires (>950°C), carbonation depth and rebound hammer tests evaluate 

penetration and surface strength. These techniques ensure thorough assessment and effective repair. 

Table 2:  Color variations in concrete occur across different temperature ranges [18] 

No. Authors Focus Key Findings and Benefits Ref. 

1 
Ni & Gernay 

(2020) 

Residual deformations in 

RC structures post-fire 

Bamboo fibers reduce residual deformations, 

enhancing structural stability. 
[1] 

2 
Kodur et al. 

(2019) 

Fire hazards and safety 

strategies 

Bamboo fibers improve fire resistance and recovery, 

boosting fire resilience. 
[2] 

3 
Buchanan & Abu 

(2001) 

Structural design for fire 

safety 

Bamboo fibers enhance fire resistance and structural 

integrity. 
[3] 

4 
Khan et al. 

(2021) 

Mechanical properties of 

hybrid fiber concrete 

Bamboo fibers strengthen concrete, enhancing 

durability. 
[4] 

5 Xie et al. (2021a) 
Testing methods for fiber-

reinforced composites 

Bamboo fibers provide superior fracture properties 

post-fire, leading to enhanced crack resistance. 
[5] 

6 
Xie et al. 

(2021b) 

Structural failure prediction 

with hybrid fibers 

Bamboo fibers delay failure under fire conditions, 

extending structural lifespan. 
[6] 

7 
Awoyera et al. 

(2024) 

Structural performance of 

fire-damaged beams 

Bamboo fiber laminates increase strength and 

performance of fire-damaged beams. 
[22] 

8 
Cuce et al. 

(2024) 

Energy efficiency and 

thermal resistance 

Bamboo-reinforced briquettes enhance thermal 

performance and sustainability. 
[23] 

9 
Bala & Gupta 

(2023) 

Sustainable building 

materials 

Bamboo-reinforced concrete is sustainable building 

material that support eco-friendly construction. 
[24] 

10 
Awoyera et al. 

(2024) 
Green retrofitting materials 

Bamboo fibers offer sustainable repair solutions for 

fire-damaged RC buildings. 
[25] 

Temperature 

variation 

Color 

modification   
RC Structure appearance  Status of concrete  

0 to 300°C Unchanged Normal Unaffected  

300 to 600°C Pink to red  Cracking Stable but with reduced strength 

600 to 950°C Whitish grey Spalling steel exposed & powder existence Weak 

> 950°C Buff  Severe Spalling Intense/Severe  
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3 Post-Fire Assessment and Retrofitting Techniques  

RC buildings generally withstand fires well, but post-fire assessments are essential to evaluate concrete conditions, as fire 

often affects only the surface layer [12]. Due to their superior fire resistance compared to materials like stainless steel and 

wood, RC structures are extensively studied [11]. Thicker concrete covers help insulate reinforcement, preserving load 

capacity, though high-strength concrete is less fire-resistant than lightweight concrete. RC beams and slabs near ceilings 

are particularly vulnerable to heat currents during fires [13]. While RC structures retain some residual strength post-fire, 

heat degradation can cause irreversible damage, necessitating thorough evaluations for future use and repair [14]. Figure 

1 shows fire-induced water evaporation in cement paste, leading to dehydration and concrete discoloration. Moderate fires 

can also cause spalling and surface crazing, underscoring the need for comprehensive assessment and rehabilitation to 

restore integrity. 

        a)                                                                               b)                                                                           c) 

Figure 1:  Assessment of RC structures, a. Crazing [26], b. Spalling [27], c. Color changing [27] 

Assessing concrete's residual strength post-fire is critical for deciding on future use, repair, or demolition. Both laboratory 

and on-site tests, emphasizing compressive strength, provide detailed insights into post-fire damage severity [21]. Research 

on reinforced concrete structures employs various testing approaches, including standard fire tests, parametric variations, 

and natural fire scenarios, which offer more realistic depictions than conventional methods [15]. Post-fire assessments 

should determine the thickness of sections where concrete damage is severe enough to be considered destroyed [16]. Heat 

exposure alters thermal and mechanical properties, affecting structural toughness and resistance, and influencing 

compression, tension, and strain characteristics [17]. Thermal expansion of reinforcing bars during fires can crack concrete 

covers, especially at supports and beam bases. Structural fire engineering combines active measures like detectors and 

sprinklers with fire-resistant materials and design strategies. Rapid assessments of fire-damaged structures ensure safety 

and identify repair needs for low-rise buildings. Research on natural fibers, particularly bamboo, shows significant strength 

improvements in reinforced and retrofitted RC beams [19, 20]. 

4 Sustainable Solutions   

Concrete structures degrade in high heat, requiring effective repair methods. Traditional approaches, like replacing 

damaged sections or using non-renewable materials, are resource-intensive and harmful to the environment. Bamboo fiber 

reinforcement offers a sustainable alternative, improving strength and durability post-fire. Bamboo, a quickly renewable 

resource, has minimal environmental impact compared to steel or synthetics. Studies show bamboo fiber composite plates 

can boost retrofitted concrete beam strength by 10-21%. Affordable and accessible, bamboo fibers are ideal for widespread 

use, especially in fire-prone regions. Their use reduces reliance on non-renewables and cuts concrete's carbon footprint. 

Bamboo fiber reinforcement enhances structural integrity. It provides significant environmental benefits. This method 

offers a sustainable and cost-effective solution for urban infrastructure repair. 

5 Conclusion 

In conclusion, the research underscores the significance of sustainable rehabilitation methods in mitigating the impact of 

urban fires on infrastructure. By prioritizing sustainability, researchers can address the following key points: 

1. Understanding the resilience of reinforced concrete (RC) structures in fire disasters highlights the possibility 

of recovery and emphasizes the importance of sustainable rehabilitation approaches. 
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2. Thorough post-fire assessment techniques are vital for evaluating concrete conditions and determining 

suitable retrofitting techniques to regain structural integrity. 

3. Bamboo fiber reinforcement emerges as a sustainable alternative, offering improved strength and durability 

post-fire while reducing reliance on non-renewable resources and cutting concrete's carbon footprint. 

4. Implementing bamboo fiber reinforcement in concrete repair not only enhances structural integrity but also 

provides significant environmental benefits, offering a cost-effective solution for fire-prone regions. 
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Abstract- Reinforced Concrete Beam Column joints are most critical regions of any 

reinforced concrete structures. The performance of RC joints determines the performance 

of whole building during seismic loading. Many researchers have focused on the 

experimental study of RC joints to determine the seismic performance of RC structures.  

However, experimental tests are expensive and time consuming. Therefore, the 

alternative approach of numerical modeling is preferred to study a wide range of 

parameters affecting the behavior of beam-column joints. This study presents the result 

of macro modeling of RC beam-column joints using finite element based software 

SeismoStruct. The results of the numerical model are compared with the experimental 

results and found to be in excellent agreement. The peak strength of the numerical model 

was found to be 75.2 kN, which is 8% higher than that of experimental model and drift 

ratio at which peak strength of the numerical model was obtained is 4.33%, which is 

higher than that of experimental model by 2%. This shows good agreement of numerical 

results with the experimental results. It is also observed that the initial stiffness of 

numerical model is higher than that of the experimental model. The numerical model may 

be used for more comprehensive parametric study of the beam-column joints.     

Keywords- Calibrated, Modeling, Macro Model, Stiffness. 

1 Introduction 

In the past beam-column joint region was assumed to be rigid during analysis, but this lead to overestimated results. Beam-

column joints mostly have brittle failure, which may not contribute significantly to the ductility performance of the 

structures [1]. In the past earthquakes, most of buildings collapsed due to the failure of RC joints as shown in Figure 1 [2].  

In RC frames the beam-column joint are important region to resist the seismic forces and determine response of the building 

during earthquakes [3]. Therefore, RC beam-column joint need to be studied comprehensively in order to ensure a safe 

design of RC structures. 

 

Figure 1:  Building collapses due to beam-column joint failure [4] 

Extensive experimental studies have been conducted in order to study the response of the beam-column joints, based on 

which several codes have been improved [5]. Present joint design and detailing using ACI provides the adequate provision 

in joint against the gravity and seismic forces [6].  
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Sufficient development length and confinement is provided in the joint to resist the reversed cyclic loading. However, to 

satisfy these requirements, the joint region become very congested and the execution become a challenge on site. Therefore, 

this study aims to develop a numerical model to study various parameters contributing to the strength of the joint and 

which determines the governing failure type (shear failure of joint core, bar slippage etc.). 

Failure mechanisms including Bar Slip Failure and Shear Panel Failure which are the two primary mechanisms determining 

the inelastic behavior of RC beam column joint can be studied using this model, to investigate whether the failure will 

occurs due to Bar Slip Failure or due to Shear Panel Failure of particular RC beam column joint.                                                                                                                    

2 Research Methodology  

2.1 Numerical Modelling 

Reinforced concrete structures can be modelled using both micro and macro approaches, both having pros and cons. This 

paper presents the results obtained using macro modelling of RC beam-column joints. The numerical model is first verified 

and calibrated with the experimental results and then a comprehensive parametric study is conducted to determine the 

contributing parameters in various failure scenarios.  

Manders [7] model will be used for the modelling concrete (20.68 MPa) and Manegotto Pinto [6] model for modelling 

steel (413.5 MPa). A finite element based software package SeismoStruct is utilized for the numerical modelling of RC 

joints. 

2.2 Simplified Joint Model 

One of the simplified beam-column joint model was presented by Lowes et al [8]. This model is able to capture the 

mechanisms responsible for the nonlinear behavior of RC beam-column joints [8]. It is used in the two dimensional analysis 

of the RC frame and has the following characteristics: (1) it has 12 degree of freedom at the four exterior nodes (2) 4 

interior degrees of freedom (3) It has eight anchorage failure components which are used to model the bar slip mechanism.  

The model also consists of joint core component which are used to capture the shear failure of joint core, and interface 

shear component to capture the shear at the interface as shown in Figure 2. Every component of this model needs an 

independent action-deformation response curve [9].  

 
Figure 2: Beam Column Joint Spring Model by Lowes et al [8] 

 

In the SeismoStruct, all these components are modeled using the “Joint Element” available in SeismoStruct [10]. The joint 

element is a three dimensional element with six degrees of freedom. As mentioned above, action deformation curve needs 

to be provided for every degree of freedom. There are 12 response curves available in SeismoStruct, and modified Tekeda 

curve will be used to model the response of the model. The parameters required to define the Tekeda curve are given in 

theTable 1. 

Table 1: Tekeda Curve Parameters 

Parameters 
Bar Slip Component 

(Beam) 

Bar Slip Component 

(Column) 

Shear Panel 

Rotation 

Yielding strength Fy 9.64E+07 8.43E+07 1.73E+08 

Initial stiffness Ky 1.66E+11 1.29E+11 1.42E+12 

Post-yielding to initial stiffness ratio α 0.1 0.1 0.1 

Outer loop stiffness degradation factor β0 0.4 0.4 0.4 

Inner loop stiffness degradation factor β1 0.9 0.9 0.9 
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2.3 Description of Test Specimen 

The numerical model was developed for a typical RC beam-column joint which was tested at Civil Engineering 

Department, University of Engineering and Technology, Peshawar. The numerical model and experimental test specimen 

are given in Figure 3. The specimen employed concrete with compressive strength of 20.68 MPa and steel had a yield 

strength of 413.5 MPa. 

             

Figure 3:  SeismoStruct Model (Left Figure) and Experimental Test Specimen (Right Figure) 

3 Results 

Figure 4 compare the numerical and experimental action deformation response. The strength and hysteristic reponse of 

numerical study agrees well with the expeimental results. For the Normal Concrete Model, the maximum load capacities 

of the test specimen were 75.2 kN. This capacity was higher than the experimental test by about 8.0% as shown in Table 
22. Numerical results show high value for initail stiffness due to assumptions made during modeling.  

             

Figure 4: Numerical vs. Experimental Hysteretic Curves (Left Figure) and Envelope Curves (Right Figure) 

Table 2: Comparison of Numerical and Experimental Results 

Model Loading Direction 

Load max (KN) 

Rmax 
Analytical Pmax (kN) 

Experimental Pmax 

(kN) 

RC Model Positive 75.2 69.6 1.08 
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4 Practical Implementation 

Failure mechanisms including Bar Slip Failure and Shear Panel Failure which are the two primary mechanisms determining 

the inelastic behavior of RC beam column joint can be studied using this model, to investigate whether the failure will 

occurs due to Bar Slip Failure or due to Shear Panel Failure of particular RC beam column joint 

5 Conclusion 

Based on the above numerical results it can be concluded that : 

1) The peak strength of the numerical model was found to be 75.2 kN, which is 8% higher than that of experimental 

model and drift ratio at which peak strength of the numerical model was obtained is 4.33%, which is higher than 

that of experimental model by 2%. This shows good agreement of numerical results with the experimental results. 

2) The non linear response of the beam-column joint can be accuratetely modelled and simulated using the above 

mentioned simplified modeling technique using Seismostruct software. 

3) The mechanisms like anchorage failure and joint core shear failure mechanisms responsible for the non linear 

response of the beam-column joint can be modeled and incorporated in the numerical analysis. 

4) It is also observed that the initial stiffness of numerical model is higher than that of the experimental model 

because of the simplified approaches used in the numerical model. 
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Abstract- Utilizing tube-like hollow sections (HSS) as columns in Moment Resisting 

Frames (MRFs) offers beneficial resolutions for overall structural performance. 

Nonetheless, the adoption of HSS columns is limited by the intricacy in engineering 

connections between columns and Double Tee Beams. One of most common approach 

for such types of joints is welding the beam externally to the chord using either fillet or 

full penetration butt welds. As per the EC3:1.8 guidelines, a so-called component method 

approach can be used for such types of joints to predict their plastic strength. The 

component method approach simplifies the joint design by breaking down the joint into 

its fundamental components, allowing for a detailed examination of each component's 

behaviour and interaction, thus ensuring precise evaluation of joint performance and 

reliability. In this study, the emphasis lies on delineating the strength attributes of welded 

joints in a T-shape, connecting Circular HSS chords and externally welded transverse 

plates. The component’s mechanical response seeks to mimic connection dynamics 

between beam flange and chord in connections connecting CHS chords and welded IPE 

profiles. More precisely, this critical element has been isolated and thoroughly examined 

using results from theoretical approaches and numerical simulations, culminating in 

identification for the most suitable analytical design equation. 

Keywords- Component Method, Parametric Analysis, Finite Element Modelling, Circular Hollow Sections, Externally 

Welded Double-Tee Beams, Resistance. 

1 Introduction 

Usage of Circular Hollow Sections (CHS) in modern structures, particularly for Moment Resisting Frames (MRFs), has 

seen a significant increase in recent years. The inherent geometric properties of CHS, such as their uniform strength 

characteristics and aesthetic appeal, make them highly suitable for use in high-load bearing applications [1]. This growing 

trend is supported by advancements in manufacturing and material science, which have improved the quality and 

availability of CHS for structural applications. The adoption of CHS in MRFs is further driven by their ability to dissipate 

energy efficiently during seismic events, making them a preferred choice in earthquake-prone areas [2-4]. Despite their 

increasing use in MRFs, CHS are predominantly utilized in portal frames rather than perimeter frames. Portal frames 

benefit significantly from the structural efficiency and simplicity of CHS, especially in industrial buildings and warehouses 

where large, clear spans are required. The preference for CHS in portal frames over perimeter frames can be attributed to 

the specific load distribution and architectural requirements that differ significantly between these two types of structures. 

Understanding the behaviour of joints in perimeter frames becomes crucial as the application of CHS expands beyond 

traditional portal frames. The joints in perimeter frames often undergo more complex stress distributions due to the 

variability in loading conditions and the architectural constraints associated with these structures. Currently in Eurocode 3 

part 1.8 [5], there are well established guidelines available to design soldered and fastened joints with double Tee sections, 

however, in the case of CHS as column, it still uses a basic method from studies done in 1982 by Wardenier [6]. The 

procedure operates under assumption that the primary influence on flexural response stems from the chord face failure 

mode which can be considered the weakest component of the joint. This localized failure mode is conceptualized by 

modeling resistance of corresponding T-joints with branch plates multiplied with the beam depth (h1) as depicted in Fig. 

1. Building upon this, Wardenier, De Winkel, and Van Der Vegte [7-14] conducted numerous experimental campaigns 

and numerical studies and influenced CIDECT (International Committee for the Development and Study of Tubular 

Structures) to incorporate their findings into the organization's design guidelines [15]. 
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Figure 1: Approach of EC3 part 1.8 [5] approach for 

CHS-IPE Joints 

Figure 2: Components Identification 

However, recent research conducted by Voth and Packer [16, 17] has shown that the equations suggested by CIDECT and 

EC3: 1-8 for predicting plastic resistance for T-joints are too conservative. This makes us question if these equations are 

suitable for beam-to-column connections. Precisely, the findings point out that both standards overlook the impact of plate 

thickness and fail to distinguish between tension and compression resistance, leading to overly conservative estimates. In 

this context, a study was conducted at the University of Salerno which involved experimentation, validation of numerical 

models against the same, conducting a parametric analysis using the validated models and comparing the results of the 

same with the current available analytical formulations which include EC3 [5], CIDECT [15] and Voth [17]. The present 

manuscript offers the analytical portion of this research which covers the validity of the available formulation to predict 

the CHS-Plate component of the joint. In actual, as per the EC3: Part 1.8 component method approach [5], three 

components can be identified when it comes to CHS-externally welded IPE joint (Fig. 2) which are explained in table 1. 
Table 1: Components 

Component Type Equivalency  

chsc Local Deformability Plate-CHS T-Joint in compression 

chst Local Deformability Plate-CHS T-Joint in Tension 

chss Shear Strength of Tube Panel in Shear under beam action 

 

This research will focus specifically on the resistance of chst/chsc components to evaluate the predictive accuracy of 

available formulations. The third component ‘chss’ will be used in the next part of this research where the whole joint will 

be studied in entirety.  

2 Analytical Formulations 

The T-joints involving Welded branch plates and CHS chords resist chord failure using Togo's ring model theory [18]. 

The ring model provides a framework for analyzing a CHS exposed to actions transmitted axially by a plate that is 

externally welded at 900. This helps like a simplified representation for a more complex issue, where the development of 

yield lines in three dimensions would typically govern failure under load as shown in Figure 3.  

The equations currently used in estimating the resistance for T-joints under compression or tension (similar to those in 

connections between circular hollow section columns and double-tee beams) are shown as Equations 1, 2 and 3, and come 

from references [5], [15], and [16]. 

 

𝐹𝑝𝑙,𝐸𝐶3 = (4 + 20𝛽2)𝑓𝑦0𝑡0
2 () 

𝐹𝑝𝑙,𝐶𝐼𝐷𝐸𝐶𝑇 = 2.2(1 + 6.8𝛽2)𝛾0.2𝑓𝑦0𝑡0
2 () 

𝐹𝑝𝑙,𝑉𝑜𝑡ℎ = 𝑘1(1 + 𝑘2𝛽
2)(1 + 0.6𝜂)𝛾𝑘3𝑓𝑦0𝑡0

2 () 
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Figure 3: ‘chst’ Ring Model Figure 4: Strength influencing Geometric parameters 

It's important to note that EC3 part 1.8 and CIDECT use the same equations for tension and compression. However, Voth 

adjusted the coefficients based on a large set of test results. In Eq. 3, for T-joints in tension, the coefficients 𝑘1, 𝑘2 and 𝑘3 

are 2.3, 2.5, and 0.55, respectively, whereas, 𝑘1 = 2.6, 𝑘2 = 3 and 𝑘3 = 0.35 for compression behaviour. The other 

parameters involved in the equations are β, γ and η which are non-dimensional and depend on the geometry of the 

connections involved as depicted in figure 4 and shown below;  

𝛽 =
𝑏1
𝑑𝑜

, 𝛾 =
𝑑𝑜
2𝑡𝑜

, 𝜏 =
𝑡1
𝑡𝑜

 

3 Parametric Analysis 

For checking the accurateness level for equations 1-3, FE data from [19] was utilized. A simplified approach was adopted 

for the welds, employing zero-thickness Tie contacts to connect plates and chords. Mentioned generalization was intended 

at streamlining method of  modelling, reducing computational period without losing in accuracy as already shown in [20]. 

The analysis involved a total of 40 cases with varying β, η, γ and τ (Table 2). Figures 5a and 5b compare the tension and 

compression strength from Forty Finite Element simulations for T-joints with predicted values by Eqs. 1-3. 

  
a) chst Component b) chsc Component 

Figure 5: FE Models vs Analytical formulations 

Table 2:  Parametric analysis Cases [19] 

Cases k (kN/mm) β γ 𝜏  
1-40 292-653 0.44-0.74 15.28-22.75 2-5.83 0.05-0.18 

 

Assessment reveals that Voth's method correctly forecasts how strong the component is. In contrast, EC3-1.8 and CIDECT 

are cautious and forecast component's plastic resistance to be about 50% less in tension and 40% less in compression than 

it actually is. The difference stems from the assumption made by EC3 and CIDECT that the component's strength will be 

unvarying in both compression and tension, whereas in reality, that is not the case. The strength in tension component is 

relatively higher as compared to compression due to different buckling phenomenon. Furthermore, both overlook 

significant influence by the parameter ‘η’ on T-joint strength. 
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4 Conclusion 

This paper focuses on investigating two components of CHS-externally welded double tee profiles which are effectively 

CHS-plate connection with either plate in tension and compression. There are equations present in design guidelines from 

EC3 and CIDECT to predict the plastic strength of these connections however, studies have shown that the equations tend 

to underpredict the actual strength exhibited by the same. Numerical data from [19] was taken to check the accuracy level 

of the equations from EC3 [5], CIDECT [15] and Voth [16] and the findings clearly show that Eurocode 3 Part 1.8 and 

CIDECT rules underestimate how strong the connections are. On the other hand, Voth's equations are very accurate. This 

highlights how important it is to consider plate thickness when making predictions. 
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Abstract- This study performs an analytical examination of how transverse T-type plate-

to-circular hollow section (CHS) connections behave when subjected to tension or 

compression forces from the branch plate. At present, EC 3: 1.8 focuses only on resistance 

prediction of tubular joints and does not address stiffness prediction. Consequently, in 

practical applications, tubular joints are frequently modelled using simplistic assumptions 

of either pinned or fully restrained conditions, resulting in inaccurate predictions due to 

the omission of stiffness considerations. This paper addresses the identified gap in 

Eurocode 3 Part 1.8 by proposing two equations, using Clapeyron theorem, for initial 

stiffness prediction of transverse plate-to-CHS joints using the Clapeyron theorem. The 

proposed equations aim to provide guidelines for stiffness prediction, which is currently 

absent in the code. Numerical comparisons were conducted with results from another 

study, analyzing 40 cases. The findings demonstrated that both equations accurately 

predicted stiffness, with mean values close to 1 and 1.03 and coefficients of variation 

(CoV) of 12% and 15%, respectively. 

Keywords- Component Method, Finite Element Modelling, Parametric Analysis, Circular Hollow Sections, Externally 

Welded Double-Tee Beams, Stiffness. 

1 Introduction 

Circular Hollow Section (CHS) members are increasingly preferred as a substitute for steel open section members due to 

their visually appealing exposed steelwork. The enhanced compression resistance of CHS steel members often results in 

lighter and more cost-effective elements compared to open section members, despite the higher cost [1]. Moreover, CHS 

members generally have reduced painting costs due to their smaller surface area, lower transportation costs due to their 

lighter weight, and simpler installation procedures due to their reduced weight compared to open sections [2]. In the context 

of a CHS-plate joint, the joint exhibits high deformability as compared to traditional connections with open sections. This 

flexibility can result in excessive distortion or plastic deformation of the CHS connecting face, particularly at the interface 

with the transversally attached branch plate. As per the guidelines outlined by IIW (1989) [3], a face deformation limit of 

1% of the main member (Circular Hollow Section) diameter is traditionally used as a serviceability deformation threshold. 

Therefore, accurately determining the initial stiffness provided by this type of connection is crucial for ensuring that the 

deformation remains within acceptable limits during serviceability. Despite the fact, Current design guidelines concerning 

circular hollow sections which are Eurocode 3 part 1.8 [4], AISC 316-16 [5] and CIDECT [6] have a notable limitation. 

They primarily address the assessment of resistance for externally welded plates but do not include provisions for 

predicting stiffness in these configurations. Building upon this limitation, the present study aims to bridge identified 

knowledge gaps by introducing analytical formulations using the Clapeyron theorem for stiffness determination. These 

formulations will be validated through comparison with numerical results obtained in a previous study [7]. The focus is on 

enhancing the understanding and prediction of stiffness in circular hollow section (CHS) connections, complementing the 

existing guidelines in Eurocode 3 Part 1.8 [4]. 
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2 Parametric Study 

In order to check the accuracy of the derived equation, numerical data of 40 selected cases (Table 1) obtained from [7] was 

utilized in this study which were validated using experimental data available in literature. The selected cases depended 

upon non-dimensional parameters τ, β, γ and (Figure 1), where;  

𝛽 =
𝑏1

𝑑𝑜

, 𝛾 =
𝑑𝑜

2𝑡𝑜

, 𝜏 =
𝑡1

𝑡𝑜

 

A simplified approach was adopted for the welds, employing zero-thickness Tie contacts to connect plates and chords. 

Mentioned generalization was intended at streamlining method of  modelling, reducing computational period without 

losing in accuracy as already shown in [8]. 

Table 1: Parametric analysis Cases [5] 

Case k(kN/mm) β γ 𝜏 Case k(kN/mm) β γ 𝜏 

1 292 0.62 16.14 3.33 21 487 0.61 15.28 3.13 

2 299 0.62 16.14 3.75 22 553 0.65 15.28 3.13 

3 308 0.62 16.14 4.17 23 630 0.70 15.28 3.13 

4 323 0.62 16.14 5.00 24 714 0.74 15.28 3.13 

5 335 0.62 16.14 5.83 25 430 0.44 20.32 2.50 

6 577 0.65 15.28 3.13 26 469 0.47 20.32 2.50 

7 603 0.65 15.28 3.75 27 514 0.49 20.32 2.50 

8 621 0.65 15.28 4.06 28 558 0.52 20.32 2.50 

9 628 0.65 15.28 4.38 29 606 0.54 20.32 2.50 

10 653 0.65 15.28 5.00 30 191 0.55 21.91 5.00 

11 485 0.49 20.32 2.00 31 227 0.55 19.92 5.00 

12 511 0.49 20.32 2.50 32 265 0.55 18.26 5.00 

13 534 0.49 20.32 3.00 33 307 0.55 16.85 5.00 

14 552 0.49 20.32 3.50 34 353 0.55 15.65 5.00 

15 241 0.54 16.14 4.17 35 342 0.62 22.75 4.00 

16 261 0.57 16.14 4.17 36 395 0.62 21.00 4.00 

17 284 0.59 16.14 4.17 37 449 0.62 19.50 4.00 

18 336 0.65 16.14 4.17 38 506 0.62 18.20 4.00 

19 366 0.67 16.14 4.17 39 304 0.45 22.23 3.00 

20 442 0.57 15.28 3.13 40 342 0.45 20.92 3.00 

 
Figure 1: Geometric Factors Affecting Mechanical Performance of Specimen 

3 Equation Derivation 

The proposed method for stiffness prediction is built upon an analytical approach for the two-dimensional configuration 

depicted in Fig. 2. Finite element (FE) models indicate that, under low load levels, bottom semi of CHS chord experiences 

minimal deformation. Therefore, for simplification purposes, only a quarter of the tube is modeled, aligning with the 

reference configuration shown in Figure 1. Point A is fully restrained, and a guided support is placed at point B, where the 

plate connects to the tube. Because the system is hyperstatic, the principle of virtual work is used for calculating the 

reactions upon these supports. 

Page 111 of 231



6th Conference on Sustainability in Civil Engineering (CSCE’24)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 24-225   

 

Figure 2: Simplified Procedure for Assessing Component Stiffness 

After determining the reactions, the vertical displacement of node B (𝛿𝐵) in the tube is calculated using Clapeyron's 

theorem (Equation 1).  

1 ∙ 𝛿𝐵 = ∫ 𝑀𝑠 𝜒𝑠  𝑑𝑧

𝜋
2

−𝛼

0

+ ∫ 𝑇𝑠 𝛾𝑠  𝑑𝑧

𝜋
2

−𝛼

0

+ ∫ 𝑁𝑠 𝜀𝑠  𝑑𝑧

𝜋
2

−𝛼

0

 (1) 

Comparisons and calculations showed that shear and axial deformability terms in Equation 1 only affect the displacement 

of node B (𝛿𝐵) by about 1%. To make things simpler, these terms are ignored. Using the integral from Equation 1, we can 

find the stiffness by dividing the force (F) by the displacement (𝛿𝐵), resulting in an easy-to-use equation.  

𝑘j = 226.5 ∙
𝐸𝑏𝑒𝑓𝑓𝑡𝑜

3

𝑑𝑜
3

0.03𝛽2 + 0.16𝛽 + 0.13

(1 − 0.637𝛽 − 0.106𝛽3)5(0.26𝛽2 − 0.55𝛽 + 1.06)
 

(2) 

Here, 𝑏𝑒𝑓𝑓  stands for an effective width that considers how the material deforms in three dimensions and ‘E’ is the modulus 

of elasticity for the CHS chord member equal to 210 kN/mm2. It is determined using three non-dimensional parameters: 

𝛽, 𝛾 and τ. This approach follows the method previously used by the authors in [6]. Therefore, 𝑏𝑒𝑓𝑓  can be expressed as 

follows; 
𝑏𝑒𝑓𝑓

𝑑𝑜

= 𝑐1𝛽𝑐2𝛾𝑐3𝜏𝑐4  
(3) 

Using the numerical data from Table 1, a regression analysis was performed to find the coefficients in Equation 3. The 

resulting values are as follows: 𝑐1 = 1.33 x 10−3,    𝑐2 = −2.7, 𝑐3 = 1.57, 𝑐4 = −0.21, namely: 

𝑘𝑗 =
3

80
𝐸𝑑𝑜𝛽−2.7𝛾−1.43𝜏−0.2

0.03𝛽2 + 0.16𝛽 + 0.13

(1 − 0.637𝛽 − 0.106𝛽3)5(0.26𝛽2 − 0.55𝛽 + 1.06)
 

(4) 

Where; 

0.03𝛽2 + 0.16𝛽 + 0.13

(1 − 0.637𝛽 − 0.106𝛽3)5(0.26𝛽2 − 0.55𝛽 + 1.06)
≅ 37.3𝛽4.4 

(5) 

Because Equation 4 is too complicated for practical use, a simpler version has been developed. This simplified form 

achieves an average error below 3% for angles α between 25° and 50° (refer to Figure 2). 

𝑘𝑗,𝑠𝑖𝑚. = 1.4𝐸𝑑𝑜𝛽1.7𝛾−1.4𝜏−0.2 
(6) 

The accuracy of both equations was checked (Eqs. 4 and 6) by comparing their predictions with the numerical results in 

Table 1. Figure 3 shows that Eq. 4 predicts the numerical results very closely, averaging 1 and 12% variability. The 

simplified equation (Eq. 6) is to some extent less accurate in comparison to the derived equation, with an average of 1.03 

and variability of 15%. However, for practical purposes, Eq. 6 strikes a good balance between simplicity and accuracy. 
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Figure 3: Stiffness formulations vs FE models 

4 Conclusion 

To address the absence of initial stiffness prediction formulations for CHS-to-transversally welded plate connections in 

Eurocode 3 Part 1.8 [4], a study was conducted to develop two equations for this purpose. Numerical data from 40 cases 

in a separate study [5] was used to validate these derived equations. The results demonstrated that both formulations 

achieved accuracy of good level when comparison is done to the numerical results. Specifically, analytical equation 

predicted initial stiffness with 1 as the mean value and 12% CoV, while the simplified equation yielded a mean value of 

1.03 with 15% CoV. However, the equations are constrained by the defined limits of the parameters ‘β’, ‘γ’ and ‘τ’. These 

limits are 0.44 to 0.74 for ‘β’, 15.28 to 22.75 for ‘γ’ and 2 to 5.83 for ‘τ’ respectively.  

5 Recommendation for Future Research 

This research can be further extended to the prediction of the initial stiffness of CHS-IPE joints in their entirety, where the 

CHS-Plate connection functions as an integral component. 
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Abstract- A significant portion of buildings worldwide are made of masonry, that is the 

reason that buildings are more vulnerable to earthquake damage. Fragility curves are 

crucial tools for evaluating seismic risk as they provide a quantitative measure of the 

probability of a building exceeding a particular damage condition in response to a given 

ground motion intensity. This review study provides a thorough analysis of the current 

knowledge in the development of fragility curves specifically for masonry buildings. The 

review starts by explaining the significance of fragility curves in earthquake mitigation 

techniques. The review article then investigates numerous methods for developing 

fragility curves for masonry buildings, such as the empirical method, analytical method, 

expert judgment, and hybrid approach. Following that, various findings of the 

researchers, the methodology they employed, and the crucial aspects they studied in order 

to construct the fragility curves are discussed. 

Keywords- Fragility Curves, Fragility Analysis, Risk Assessment of Buildings, Non-linear Analysis.  

1 Introduction 

 Seismic fragility curves illustrate the vulnerability of buildings to earthquakes. Figure 1 represent the general 

representation of fragility curves by showing the probability of structural failure as a function of an earthquake intensity 

measure [1].  

 

Figure 1: General representation of fragility curves [1] 

Fragility curves tell us what's likely happen to our buildings when the ground starts shaking. Fragility curve are necessary 

to evaluate the vulnerability of structures to unforeseen events and for setting retrofit and/or repair priorities [2]. The 

fragility curve provides the possibility of exceedance of a specific damage level based on a chosen ground motion 

parameter [3]. According to D’Ayala [3] , there are various types of fragility curves, 

1. Empirical method 

2. Analytical method 
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3. Expert judgement 

4. Hybrid method 

Table 1: Pros and cons of each method [4] 

Approaches Advantages Disadvantages 

Empirical method 
It shows the actual vulnerability 

It represents a realistic picture of the structure 

Lack of data 

Inconsistency in damage observation 

Analytical method 
It is less biased 

It covers all types of uncertainties 

It is quite costly 

Its computation takes a lot of time 

Expert Judgement  
This approach quite Simple  

It may include all the factors 

It is very subjective 

It is totally dependent on the panel 

expertise 

It is not that much accurate 

Hybrid method 
It considers the post-earthquake data 

It can reduce the computational effort 

It generally requires multiple data 

because of combination of experimental 

and analytical approaches 
 

According to Table 1, each method has its strengths and weaknesses. An empirical approach is based on actual data, but 

can be hampered by data limitations. The analytical approach provides a rigorous and unbiased assessment, but with a 

large cost and time investment. Expert judgment offers simplicity and the ability to take different factors into account, 

although it is subjective and relies on expert knowledge. Finally, the hybrid approach aims to balance these factors by 

using post-event data and reducing computational requirements, although it requires extensive and diverse data sources. 

The choice of method depends on the specific context, the available resources and the required accuracy of the vulnerability 

assessment. 

2 Methodology 

In Pakistan, significant research work has been carried out in the past on masonry buildings including different building 

typologies such as unreinforced masonry building (URM), reinforced concrete frame structure, confined masonry building, 

and adobe buildings. Here we will shed light on some of the significant work on developing fragility for buildings carried 

out in the past. 

[5] Provides an analytical procedure for developing the fragility curves for masonry 

buildings.  

Figure 2 shows the fragility curves for masonry buildings having PGA on x axis and probability on the y axis which is 

developed by identifying all mechanical properties of masonry buildings that can vary (e.g. strength and stiffness), and 

using Monte Carlo simulations to generate random values for these properties. Then by performing nonlinear static and 

dynamic analysis of the building the fragility curves are obtained. 

 

 

 

 

 

 

 

 

Figure 2: Masonry building fragility curves [5] 
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Figure 3: Adobe buildings fragility curves [6] 

[6] developed empirical fragility curves for adobe buildings using methodology proposed by Giovinazzi (2005). Figure 3 

shows the fragility curves for adobe buildings having intensity measures on x axis and probability of damage on y axis. 

They Compared damage potential of adobe buildings in Pakistan and Europe and found Pakistani buildings are more 

vulnerable to collapse. 

       

 

 

 

 

 

 

[7] developed the analytical fragility curves for masonry buildings based on Applied Element Method (AEM). Figure 4 

depicts the fragility curves for masonry buildings having spectral acceleration on x axis and probability on y axis. AEM 

combines strengths of finite element method and discrete element methods for better simulation of complex structural 

behavior. Over 50 ground motion records were used to Studied the models. They concluded that AEM is a reliable tool for 

assessing earthquake risk in URM buildings. 

 

Figure 4: Brick Masonry Buildings fragility curves [7] 

[8] developed the hybrid fragility curve for a confined masonry buildings in Lima, Peru. Figure 5 shows the fragility curves 

for confined masonry buildings having PGA on x axis and probability of exceedance on y axis They used a combination 

of field surveys, experimental tests, and computer simulations to create a database of information about these buildings. 

The results showed that confined masonry buildings in Lima are at moderate risk of damage from earthquakes. However, 

the risk of damage varies depending on the size and location of the building. 

 

Figure 5: Confined Masonry Buildings fragility curves [8] 
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3 Practical Implementation 

Engineers can use the seismic fragility curves to estimate the building’s damage probability under different earthquakes. 

The information provided by the fragility curves can be directly used in prioritizing retrofitting efforts, establishing 

building codes, and implementing preventative measures, ultimately improving the seismic resilience of our masonry 

structures. 

4 Conclusion 

1. This review article thoroughly examines the fragility curves development for masonry buildings, which are an 

essential tool for assessing seismic risk. 

2. The review showcased the effectiveness of these methodologies in evaluating the seismic vulnerability of various 

masonry structures through reviewing previous research. 

3. Future research directions could focus on refining existing methodologies, incorporating regional construction 

practices, and developing fragility curves for a wider range of masonry building typologies.  

4. By continuously improving fragility curve development, engineers can make informed decisions regarding 

earthquake risk mitigation strategies and ensure the safety and resilience of our built environment. 
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Abstract- This study investigates the effect of carbon fibre-reinforced polymer (CFRP) in 

improving the seismic capacity of rural masonry structures prevalent in central Asia, 

where an overwhelming majority of masonry buildings lack reinforcement, rendering 

them susceptible to seismic events. Considering the situation, it is essential to reinforce 

these buildings using an efficient, cost-effective, and practical approach. CFRP partial 

bonding has been more economical compared to full jacketing; though, it comes with 

potential challenges such as interface delamination. As a result, this study utilizes the 

partial bonding method coupled with a CFRP anchorage system applied on the exterior 

of the structure. Two one-third scale unreinforced masonry structures (URM), designed 

to replicate typical village rooms, were constructed and subjected to displacement-

controlled lateral loading and a constant normal load.  The specimen reinforced with 

CFRP exhibited satisfactory performance in terms of observed failure modes and load 

response curves compared to the URM structure. In addition, the strengthening technique 

resulted in keeping the masonry structure intact over large drift ratios.   

Keywords- Carbon Fiber Reinforced Polymer, CFRP Anchorage, Masonry Structures, Seismic Performance.  

1 Introduction 

Brick masonry is widely utilized in the construction industry around the world thanks to its practical application, local 

availability, heat insulation property, and affordable price. These structures are constructed either following engineering 

guidelines, referred to as confined masonry (CM), or without the use of confining elements, known as unreinforced 

masonry (URM). In Pakistan, however, a substantial 62% of the overall building stock is composed of brick masonry 

structures [1]. While unreinforced masonry (URM) structures exhibit satisfactory performance under gravity loads, their 

seismic resilience is limited, with the potential to withstand only minor earthquakes, rendering them susceptible to damage 

even in the case of moderate seismic events. The assessment conducted after the 2005 Kashmir earthquake revealed that 

the majority of the damaged or collapsed buildings were URM structures [2]. Moreover, URM structures suffered 

substantial damage in the 2015 Nepal earthquake and the 2016 Italy earthquake [3], [4]. Based on the occurrence of recent 

catastrophic seismic events and post-earthquake assessments, there is a crucial need for further research to enhance the 

seismic capacity of URM structures. Conventional seismic strengthening techniques, such as post-tensioning, member 

confinement, the centre core method, surface treatment, etc., have been explored to enhance the capacity of URM 

structures. Nevertheless, these techniques are accompanied by certain drawbacks such as mass increase, labour-intensive 

processes, and time consumption. On the contrary, Fibre-reinforced polymer (FRP) has captured the interest of researchers 

due to its inherent properties, such as its lightweight nature, high tensile strength, ease of application, corrosion resistance, 

and minimal alteration to the geometry of structural elements [5]. Many researchers have focused on strengthening of 

URM structural components such as walls, piers, or spandrels using FRP composites. Mustafaraj and Yardim [6] explored 

the effect of the diagonal compression test on brick masonry panels and reported a 27% increase in shear strength, a 645% 

increase in shear modulus, and an 1100% increase in ductility compared to that of the control specimen. Hernoune et al. 

[7] reinforced masonry panels constructed from hollow bricks using various carbon fibre-reinforced polymer (CFRP) 

configurations. The specimens strengthened with FRP showed a 3 to 4 times increase in shear strength and up to an 88% 
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increase in ductility. Although numerous studies have concentrated on strengthening individual components (pier, 

spandrel, or wall) of the URM structure, limited literature is available regarding the global response of FRP-strengthened 

masonry structures under seismic loading. Moon et al. [8] conducted tests on a two-storey unreinforced masonry (URM) 

structure both before and after retrofitting with fibre-reinforced polymer (FRP). The primary objective of the composite 

repair was not to strengthen the structure but rather to maintain the damaged structure intact over significant displacement. 

Notably, the FRP was not anchored to the masonry. However, no research has so far been conducted on the seismic 

performance of the typical village room structure that is typically constructed in rural areas of developing countries. In this 

type of structure mainly the outer wall is also used as a boundary wall whereas door and window openings are made in the 

parallel wall—open to in-house courtyards. Therefore, this research work presents the seismic performance of the URM 

structure that is prevalent in rural areas of developing countries and explores the effect of FRP reinforcement on the 

strengthening of such structures. Apart from that to improve the bonded CFRP strips two types of CFRP anchors are used.  

2 Research Methodology  

2.1 Specimens Preparation 

The construction of the models is carried out in two stages. In the first stage, two one-third-scale unreinforced brick 

masonry room models are constructed. The decision to scale down the specimens is made based on the limitations in 

instrumentation and project funds. The geometric configuration of the model is such that it has one perforated wall and 

three solid walls. The model dimensions are 122 cm x 102 cm x 130 cm (length x width x height) with 7.5 cm thick walls 

laid in English bond. Each room model is constructed over a 15 cm reinforced concrete (RC) raft to ensure they do not 

incur any damage during transportation to and placement inside the steel reaction frame. After construction and a curing 

period, one of the specimens is whitewashed and positioned within the straining frame. Its base is securely fastened to the 

underlying steel girders through a nut and bolt connection. The model is then subjected to the displacement-controlled 

cyclic load and a constant vertical load.  

In the second stage, the uncracked model is confined with unidirectional CFRP strips. In solid walls, all vertical strips 

running throughout the specimen are 7.5 cm in width, while the vertical strips, on the sides of the openings (door and 

window) in the perforated wall, are 5 cm in width. The horizontal strips and the vertical strips running up to the sill level 

are both 5 cm in width. The CFRP pattern and strip width are determined based on both local and global failures observed 

in the control specimen, as well as previous studies on CFRP-strengthened masonry walls. To minimize the occurrence of 

premature failure, 90-degree and 180-degree FRP anchor spikes are employed to anchor the CFRP strips to the masonry 

walls, RC slab, and raft foundation. The FRP strips were bonded to the masonry substrate using Chemdur 300 epoxy resin 

and were allowed to cure for 7 days before undergoing testing. The materials used in the preparation of the test specimens 

and the mixed proportions of mortar and concrete are kept similar to those of the study area. The specifications of CFRP 

reinforcement, as provided by the manufacturer, are illustrated in Table 1.   

Table 1: Specifications of CFRP fabric   

Fibre Type Areal Weight Tensile Strength 

of Fibres  

Tensile E-modulus 

of Fibres  

Strain at Break of 

Fibres  

High-strength carbon fibres 220 g/m2 ± 10 g/m2 4100 N/mm2 231000 N/mm2 1.7% 

2.2 Test Setup and Procedure 

The instrumentation and isometric view of the test specimen are illustrated in Figure 1(a) and Figure 1(b) respectively. 

The displacement cycles are applied using a 500 kN capacity hydraulic jack fixed to the steel reaction frame and connected 

to the specimen at the roof slab. For brevity, the four walls of the structure are referred to as Wall A, Wall B, Wall 1, and 

Wall 2. Wall A and Wall B represent the perforated and solid in-plane walls, respectively. Wall 1 designates the out-of-

plane wall where the load cell is attached, while Wall 2 signifies its parallel out-of-plane wall. To measure the displacement 

at various points of the structure, twelve Linear Variable Displacement Transducers (LVDT) are installed on steel reference 

frames and connected to the structure at various locations of interest through flexible steel wires. Each displacement cycle 

encompasses two amplitudes, one negative and one positive, with identical loading conditions applied in both directions. 
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Starting from 0.25mm, all displacement cycles are repeated three times. The test is continued till the structure fails or is 

excessively damaged.  

 

a)  b)  

Figure 1: Test specimen, a. instrumentation setup, and b. N-E isometric view 

3 Results 

3.1 Hysteresis Loops 

In the URM specimen, a tight loop was formed at the initial displacement cycle corresponding to 0.02% drift. Beyond this 

drift, wide loops were observed. Tight loops show small energy dissipation while wide loops are an indication of higher 

energy dissipation. Rapid stiffness degradation occurred at 0.02% drift and reached almost zero at 0.15% story drift. This 

rapid stiffness degradation could be attributed to the brittle behaviour of unreinforced masonry. During the initial 

displacement cycles, wall B (solid in-plane wall) was undergoing sliding failure while wall A underwent diagonal shear 

failure. However, during the final displacement cycles, the failure mode of wall B altered to rocking while the existent 

diagonal cracks in wall A continued to widen.  

In the case of the CFRP-confined specimen, Rapid stiffness degradation was observed till 0.1% story drift and thereafter 

continued to gradually decrease till the ultimate displacement cycle. FRP rupture initiated at 0.77% story drift followed by 

gradual failure of the composite at various locations. During the initial displacement cycles, fewer cracks were observed 

in the CFRP-strengthened specimen as compared to the URM specimen because the introduction of CFRP enhanced the 

stiffness of the structure. However, during the final displacement cycles, more cracks were propagated in the strengthened 

specimen as opposed to the URM specimen. Figure 2 illustrates the hysteresis loops and envelope curves of URM and 

CFRP-strengthened specimens.  

a)              b)    

Figure 2: Hysteresis loops, a. URM specimen, and b. CFRP-Strengthened specimen 
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3.2 Backbone envelope  

The peak load and its corresponding displacement in each displacement cycle, for both positive and negative amplitudes, 

were joined to obtain the backbone curve for URM and CFRP-strengthened specimens. Initially, both control and 

strengthened models exhibited stiff behaviour. However, the stiffness of the URM specimen decreased substantially during 

the initial displacement cycles while the CFRP-strengthened specimen showed a gradual decrease in stiffness till the 

ultimate displacement cycle.  URM specimen reached its maximum capacity of 9.98 kN at 0.19% story drift whereas the 

CFRP-strengthened specimen reached its ultimate capacity of 47.09 kN at a drift ratio of 0.7. The CFRP confinement 

dramatically enhanced the lateral resistance of the URM structure by a factor of 4.72. This was achieved as a result of the 

proper anchorage of CFRP strips to the masonry walls, RC slab, and raft foundation. A parametric comparison of URM 

and CFRP-strengthened Masonry is presented in Table 2. 

Table 2: URM and CFRP-Strengthened Masonry Specimens Parametric Comparison 

Parameters Control Specimen 
CFRP-Confined 

Specimen 

Percent Increase due to 

CFRP Application 

Peak Resistance (kN) 9.98 47.09 372% 

Drift at Peak resistance (%) 0.19 0.7 268% 

Ultimate Displacement (mm) 10 12 20% 

4 Practical Implementation 

Based on the experimental findings, the adopted strengthening technique can be used to enhance the seismic performance 

of non-engineered rural area masonry structures that do not satisfy the local building code’s seismic requirements without 

displacing their occupants and in a shorter period as compared to conventional strengthening techniques. 

5 Conclusions 

• The adopted CFRP strengthening configuration improved the URM structure’s seismic performance significantly.  

• The CFRP bonding technique improved the strength of the URM structure by 372%. 

• The adopted technique also improved the ultimate displacement of the structure by 20%. 

• The adopted anchorage technique proved to be effective in preventing the delamination of CFRP strips from 

masonry, RC slab, and foundation.   
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Abstract- Bridge pier scouring poses a significant risk to the stability and safety of 

transportation infrastructure, necessitating effective countermeasures to mitigate its 

impact. This study presents an experimental investigation aimed at evaluating the 

effectiveness of rip rap enclosed in mesh for reducing scour depth around bridge piers. 

Scaled models representing bridge piers were constructed in a laboratory flume, and rip 

rap enclosed in mesh was installed around the piers. Controlled experiments were 

conducted to simulate varying flow conditions and sediment transport processes. Data on 

water flow velocity, sediment transport rates, scour depth, and rip rap stability were 

collected and analyzed. The results demonstrate that the use of rip rap enclosed in mesh 

significantly reduces scour depth compared to unprotected scenarios. Taking Oblong pier 

as reference before installing riprap value of scouring was 0.83 which later was reduced 

to 0.62. Furthermore, the overall scouring that was reduced is 74.5%. Insights gained 

from this study contribute to the understanding of scour processes and the effectiveness 

of rip rap with mesh in mitigating bridge pier scouring. Practical recommendations are 

provided for the design and implementation of rip rap protection systems to enhance the 

resilience of bridge infrastructure against hydraulic scour.

Keywords- Bridge, Mesh, Rip Rap, Scouring. 

1 Introduction 

The erosive action of running water causes bridge pier scouring, which is a serious risk to the structural integrity and 

stability of bridges worldwide. As shown in figure 2. [1]. Scouring can undermine the foundations of bridge piers, leading 

to structural instability and potential collapse, with potentially catastrophic consequences. [2] Consequently, there is a 

pressing need for effective scour mitigation measures to safeguard bridge infrastructure and ensure public safety.[3] 

Among the various scour countermeasures, rip rap – loose stone or concrete rubble – has long been utilized to protect 

bridge piers from scour erosion. Rip rap functions by dissipating flow energy and resisting erosive forces, thereby reducing 

scour depth around bridge foundations. However, traditional riprap placement techniques may not always provide optimal 

protection, as sediment migration and instability can compromise its effectiveness.  

 

To address these limitations, researchers and engineers have explored innovative approaches to enhance rip rap 

performance. One such approach involves enclosing rip rap within a mesh framework, which serves to contain the stones 

and prevent sediment displacement. By changing flow patterns and improving the riprap's structural stability, the mesh 

promotes sediment deposition and lessens scour. The purpose of this project is to conduct an experimental investigation 

into the efficacy of riprap contained in mesh as a bridge pier scour counter measure.[4] By subjecting scaled models of 

bridge piers to controlled flow conditions in a laboratory setting, this research aims to assess the effectiveness of rip rap 

with mesh in reducing scour depth and enhancing stability. The findings of this experimental study are expected to 

contribute valuable insights into the performance of rip rap enclosed in mesh as a scour mitigation measure. [5] These 

insights will inform the design and implementation of effective scour protection strategies for bridge infrastructure, 

ultimately enhancing resilience and safety in transportation systems. Scouring around bridge piers significantly threatens 

bridge stability and can cause tragic failures if not addressed effectively [8]. 
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2 Research Methodology 

A comprehensive experiment was conducted at the Water Resources & Hydraulics Engineering Laboratory of the 

University of Engineering and Technology, Taxila, focusing on mitigating bridge pier scour. The experiment utilized a 20-

meter-long glass-sided flume equipped with adjustable features to control water flow characteristics precisely as shown in 

figure 1. A model pier resembling real-world designs was placed within distinct test sections of the flume, each evaluating 

different pier protection strategies [6]. These tactics comprised conventional riprap, bare piers, and several mesh-enclosed 

riprap designs with different mesh qualities. Instruments such as point gauges and depth sensors were strategically placed 

to quantify scour depth around the pier in each section [7]. The main experiment comprised operating water flow for a 

predefined amount of time, mimicking flood occurrences or observation periods, and monitoring the scour depth 

surrounding the pier during that time [9]. After the experiment, thorough analysis compared scour depth and patterns across 

sections, focusing particularly on the effectiveness of mesh-enclosed rip rap in reducing scour compared to traditional 

methods. This research aims to provide valuable insights into enhancing bridge safety and longevity through improved 

pier protection techniques [10].  

 

3 Results 

All the experiment was performed in clear water flow conditions, which means that the velocity of the flow was less or 

equal to the threshold velocity or critical velocity [Vc], in clear-water scouring conditions maximum scouring occurs at the 

threshold peak, where ‘h’ is the flow depth, ‘T’ is the time in hours, ‘Q’ is the discharge, S is the separation distance, from 

the upstream submerged rip rap, ysf is the maximum scour at the upstream face of pier. Table: 1 shows the hydraulic 

parameters of the present experimental study. As the figure 3 and 4 shows the relation between V/Vc and ds/D with mesh 

where 5 and 6 figure shows without mesh relation. As, V represent velocity and Vc is the critical velocity and ds represent 

the scouring depth and D is the dia of the pier in table 1. Rather of depending on weirs and other expensive techniques, we 

might choose a more economical course of action with easily accessible resources. Because it substantially lowers scouring 

at just a percentage of the expense, this alternate approach is preferred. 

 

Table 1: Experimental Values 

     Without Mesh With Mesh 

Shape 
Discharge 

‘cm3/s’ 

Bed 

Depth 

‘cm’ 

V/Vc Fr 
Dia 

‘cm’ 
ds ds/D 

Dia 

‘cm’ 
ds ds/D 

 

 

 

 

Oblong 

22 15 0.47 0.019 6 5 0.833333333 6 5 0.625 

27 15 0.59 0.024 6 5.4 0.9 6 5.4 0.675 

32 15 0.71 0.029 6 5.9 0.983333333 6 5.9 0.7375 

38 15 0.84 0.034 6 6.4 1.066666667 6 6.4 0.8 

Figure 1:  Schematic Diagram  
Figure 2:  Local Scouring 
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42 15 0.95 0.038 6 6.7 1.116666667 6 6.7 0.8375 

Circle 

22 15 0.47 0.019 6 5.3 0.883333333 6 5.3 0.6625 

27 15 0.59 0.024 6 5.7 0.95 6 5.7 0.7125 

32 15 0.71 0.029 6 6.2 1.033333333 6 6.2 0.775 

38 15 0.84 0.034 6 6.7 1.116666667 6 6.7 0.8375 

42 15 0.95 0.038 6 7 1.166666667 6 7 0.875 

Square 

22 15 0.47 0.019 6 5.5 0.916666667 6 5.5 0.6875 

27 15 0.59 0.024 6 5.9 0.983333333 6 5.9 0.7375 

32 15 0.71 0.029 6 6.4 1.066666667 6 6.4 0.8 

38 15 0.84 0.034 6 6.9 1.15 6 6.9 0.8625 

42 15 0.95 0.038 6 7.2 1.2 6 7.2 0.9 

Figure 4. Graph with Mesh 
Figure 3. Graph with Mesh 

Figure 5. Graph without mesh 
Figure 6. Graph without mesh 
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4     Conclusion 

Using riprap that is covered with mesh greatly decreased scouring. After three distinct forms were tested (oblong, round, 

and square), the oblong design produced the best results. Both pre-and post-installation investigations show that the oblong 

pier greatly reduces scouring to the maximum degree. Using figure 3, 4, 5 and 6 we can see that before rip rap installation, 

scouring in the oblong pier measured was 0.83, but it dropped to 0.62 after installation, the lowest figure achieved across 

all shapes. When the findings before and after rip rap installation are compared, a 21% reduction in scouring is seen. 

Furthermore, using rip rap encased in mesh reduces scouring by 74.5%. This highlights the tremendous usefulness of rip 

rap, especially when paired with mesh reinforcement, in reducing scouring. 
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Abstract- While several studies have examined the use of sparse and limited data to 

predict the load-carrying capacity (LC) of fiber-reinforced polymer (FRP)-confined 

concrete-filled steel tube (CFST) compression members (FCC). But none have 

examined the predictive accuracy of different modeling approaches with a large and 

comprehensive dataset. Creating a finite element model (FEM) to forecast the axial 

compressive performance of FCC compression components is the main goal of this 

research. The steel tube and FRP wraps are represented by bilinear and linear elastic 

models, respectively. The concrete is represented by a concrete damage plasticity 

model. The proposed FEA model showed minor variations of only 6.70% and 3.10% 

for the maximum LC and related axial shortening of FCC columns, respectively. 

Keywords- Database, Finite Element Analysis, CFST, Damaged Plastic Model, Axial Strength. 

1 Introduction 

When restricted with steel tubes (ST) and fiber reinforced polymer (FRP), concrete compression members demonstrate 

remarkable mechanical performance and adaptability. In civil engineering projects like long-span bridges and 

multistory buildings, these members are heavily utilized [1]. A precise simulation of axial compression strength is 

achieved using a nonlinear finite element analysis (FEA) of concrete filled stainless steel tube (CFST) compression 

members, which use an updated concrete damaged plastic model [2]. There is a good consistency between numerical 

estimations and experimental results in another FEA investigation of CFST compression members that uses an 

upgraded damaged plastic model to evaluate axial load-deflection and load-bearing capacity with ABAQUS [3]. Raza 

et al. [4] investigated reinforced concrete compression members wrapped with FRP sheets using FEA, utilizing both 

the linear elastic model and an updated version of the damaged plastic model. To accurately replicate the structural 

behavior of compression elements, another study looked at the effects of a number of characteristics, such as lateral 

FRP confinements and the interaction mechanism between lateral steel-tubes, FRP wraps, and concrete [5]. Similarly, 

a general fiber element model was developed to incorporate ultimate strength and axial compression behavior to 

predict the load-bearing strength of CFST circular components [6]. Previous empirical models did not consider factors 

unique to FRP confinement, such as interaction between FRP wraps, steel tubes, and concrete. Instead estimated the 

load carrying capacity (LC) of FRP-confined CFST compression members (FCC) using sparse experimental data. 

Therefore, more study will be needed to create a more thorough sample that can estimate the load carrying capacity 

of FCC compression members. The authors of this study used an experimental database and ABAQUS-based FEA 

modeling to assess the effectiveness of FCC compression members. 

2 Finite Element Analysis 

2.1 General Methodology 

Currently, ABAQUS 6.14 tool is being used to do the finite element analysis of FCC compression members [7]. To 

replicate the behavior of axial shortening, eight FCC compression members were selected [8]. The primary 
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characteristics of the modeled FCC members are shown in Table 1. To represent the restricted concrete, 4 node curved 

shell components and 8 node brick elements in 3D were used (see Figure 1), together with steel tubes (ST) and carbon 

fiber reinforced polymer (CFRP) wraps. These element kinds were chosen because they could faithfully depict the 

behavior of compression elements [4]. The concrete was poured into the steel tubes (ST) and stirred, in accordance 

with the guidelines of a prior study. A homogenous and flowable concrete mix was made in order to guarantee 

consistency of the mix inside the ST. The top of the ST was then welded with a steel plate to apply load. 150 mm x 

150 mm x 150 mm cube samples were created to evaluate the concrete's compressive strength. 

Table 1: Characteristics of modelled FCC samples 

Sample name H (mm) D (mm) D/ts ts (mm) tcf (mm) no 
𝒇𝒄𝒐

′  

(MPa) 

𝑲𝜺 

D200-C40-L2 600 200 100 2 0.334 2 40 0.575 

D200-C40-L4-S1 600 200 100 2 0.668 4 40 0.677 

D200-C60-L2 600 200 100 2 0.334 2 60 - 

D200-C60-L4-S1 600 200 100 2 0.668 4 60 0.567 

D260-C40-L2 780 260 130 2 0.334 2 40 0.701 

D260-C40-L4-S1 780 260 130 2 0.668 4 40 0.420 

D260-C60-L2 780 260 130 2 0.334 2 60 - 

D260-C60-L4-S1 780 260 130 2 0.668 4 60 0.449 
 

 

Figure 1:  FEA simulations (a) steel tube, (b) application of loads, (c) interactions, and (d) meshed elements  

The damaged plasticity model from the ABAQUS library was used to simulate restricted concrete, and it demonstrated 

a high degree of accuracy in representing the inelastic response of concrete under compression [6]. To precisely 

replicate the high-strength properties and damage behavior of CFRP wraps, the Hashin damage model [4] was used. 

Equations (6) through (9) of this model demonstrate its well-known capacity to characterize the beginning of damage 

in the medium and fibers under tensile and compressive loads [4].  

Mode 1: fiber tension 

f1 = (
σ̂11

XT
)2 +  α(

σ̂12

SL
)2 , where 0 ≤ α ≤ 1 

(6) 

Mode 2: fiber compression 

f2 = (
σ̂11

Xc
)2 

(7) 

 

Mode 3: matrix tension 

f3 = (
σ̂22

YT
)2 + (

σ̂12

SL
)2 

(8) 
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Mode 4: matrix compression 

f4 = (
σ̂22

2ST
)2 + [(

Yc

2ST
)2 − 1]

σ̂22

Yc
+ (

σ̂12

SL
)2 

(9) 

  

Where, XC denotes the compression strength of fibers, XT shows the fibers’ tensile strength measured in the normal 

direction whereas YC designates the compression strength. Similarly, YT depicts the tension strength reported in the 

transverse direction of wraps. 

2.2 Discussion of FEM Results 

The behavior and comparison of the whole load-deflection plot for each of the FCC samples that were included in the 

FEA model are shown in Figure 2. In the elastic and plastic zones of the load deflection plots, the sample performed 

admirably. The standard FEA model showed minor variations of only 6.70% and 3.10% for the maximum LC and 

related axial shortening, respectively. In contrast to all other models, sample D260-C40-L4-S1 showed the biggest 

divergence, with a value of 8.90% for the highest LC. Although the FEA model demonstrated a stronger correlation 

with experimental results in the plastic stage, it underestimated loadings in the elastic zone. 

 

Figure 2: Running of FEA sample for the load deflection performance of FCC compression members 

The study investigated the impact of increasing CFRP layers from two to four on Fiber-reinforced concrete (FCC) 

compression elements. Results showed a 19% and 21.50% increase in LC for D200-40 and D200-60 elements, 

respectively, with corresponding enhancements in axial shortening (see figure 3 and Figure 4). Similar improvements 

were observed for D260-40 and D260-60 elements. FEA calculations for D260-40 showed a 33.20% difference in 

ductility behavior and LC compared to experimental results, possibly due to disregarding residual stresses, variations 

in material properties, and assumptions in modeling. 

2.2.1 Failure Patterns 

Experimental testing of FCC members showed a linear elastic relationship between axial shortening and LC until ST 

yielding. Lateral confinement from CFRP wraps and ST led to a second linear segment in load-deflection, but LC 

dropped after CFRP fracture and ST buckling, indicating shear, and crushing failure. FE simulations matched lab 

results being visualized through positive principal plastic stains [9-10], showing shear failure in FCC members with 

fewer CFRP layers and higher core strength, and crushing failure in those with lower core strength (Figure 4). 
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Figure 3: Influence of number of CFRP sheets (a) LC and (b) axial shortening of FCC compression members 

 

Figure 4:  Failure modes of samples 

3 Conclusion 

This study's nonlinear finite element model, which accounts for the confinement offered by CFRP and ST 

confinement, successfully replicated the behavior of these parts. With differences of 5.72% and 2.83%, respectively, 

the FEA-based model's predictions for the members' axial shortening and LC exhibited only minor variations. The 

model used the Hashin damage model for CFRP covers, an updated concrete damage plasticity sample for the core 

concrete, and bilinear modeling for ST. 
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Abstract- This paper presents a case study on the structural assessment and retrofitting 

design of a two-story hospital building in Karachi, Pakistan, constructed in 1992. To 

overcome this, a systematic approach was adopted, involving site visits, data gathering, 

the creation of as-built drawings, and detailed analysis and design using ETABS software. 

The assessment revealed vulnerabilities in the existing structure, particularly in the 

columns, which necessitated retrofitting measures. The retrofitting design included the 

incorporation of shear walls and the increase in column and beam sizes to enhance the 

building's seismic resilience. The successful completion of this project underscores the 

importance of a systematic approach in ensuring the structural integrity and resilience of 

existing buildings, especially in earthquake-prone regions. By prioritizing the 

preservation of human life and the enhancement of building safety, this study contributes 

to a more resilient built environment. 

Keywords- Seismic Resilience, Structural Assessment, Retrofitting Design, Non-Destructive Testing. 

1 Introduction 

The devastating earthquake that struck the Northern region of Pakistan in 2005, commonly known as the Kashmir 

Earthquake [1], brought about significant destruction and loss of life. This natural disaster not only impacted the effective 

areas but also highlighted the need for a structured assessment and retrofitting of existing buildings to ensure their resilience 

against future earthquake events [2]. 

The impact of the earthquake on the existing buildings was catastrophic. Many structures including hospitals suffered 

expensive damage or collapsed entirely the lack of proper seismic design and retrofitting measures in these buildings 

exacerbated the destruction and resulted in the loss of critical healthcare facilities when they were needed the most. 

In light of this, the present paper focuses on a case study involving a two-story hospital building in Karachi, constructed 

in 1992. The hospital has a ground floor and two upper floors, with existing column sizes measuring 6 in x 18 in and beam 

sizes measuring 6 in x 27 in. The scope of the project includes creating as-built drawings, making architectural notifications 

as requested by the client, conducting a retrofitting design of the structure, and outlining the methodology for implementing 

the retrofitting measures.  

2 Research Methodology  

The structural assessment and retrofitting design of the two-story hospital building involved a systematic approach to 

ensure successful project execution. A site visit was conducted to gather the necessary site data and details for creating 

accurate as-built drawings. This involved documenting the existing conditions of the building, including its architecture 

and structural elements. The Ferro Scanning test was conducted to identify the existing steel in the existing structural 

elements. Using the gathered data, as-built architecture and structure drawings were created in Revit [3]. These drawings 

served as a baseline for the retrofitting design process.  
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Figure 1: Observed structural cracks, a. Existing roof slab, b. Existing concrete beam. 

The model was analyzed and designed in the Etabs software using the ELF procedure. This analysis considered seismic 

forces and other relevant loadings to ensure the retrofitting design could withstand potential earthquakes. Based on the 

analysis and design outputs, final structure drawings and details were prepared. A comprehensive methodology report was 

prepared to outline the execution of the project. 

3 Case Study 

This case study revolves around the hospital in Karachi, established in 1992, according to the building code of Pakistan 

(BCP-2007), the Karachi region lies under the seismic zone 2B [4]. The structural system of the building is comprised of 

a Reinforced Concrete frame system (RCC column beam framing). Hollow block masonry has been used for infill wall 

panels along with seismic stiffeners. 

3.1 Site Visit and Data Gathering 

To assess the building's integrity, a team of senior structural engineers and architects carried out a visual inspection of the 

existing building. A conditional survey by visual inspection was based on ACI 201.1R-08 which serves as a Guide for 

Conducting a Visual Inspection of Concrete in Service and ACI 364.IR-07 which is used for the guide of evaluation of 

concrete structures before rehabilitation [5, 6]. In Figure 1, on-site investigations and measurements of visible cracks have 

been found at the slab (Figure 1a) and existing beam (Figure 1b), the cracks observed are due to a combination of factors, 

including the seismic activity and the overloading. [9].  

a) b) 

3.2 Creation of As-Built Drawings 

One of the main challenges encountered was the absence of original construction drawings. To address this, a team of 

architects was engaged to create as-built architectural drawings of the building. For the preparation of structural drawings 

with exact steel reinforcement in the existing concrete elements, a ferro scanning test was conducted by professionals. The 

objective of the test is to determine the diameter of the steel bars, concrete cover, and spacing between the bars in beams, 

columns, and slabs. The equipment used consists of a rebar detection system named Profometer made by Proceq SA, 

Switzerland. For rebar detection, the profilometer was slid over the surface of the existing structural elements. The provided 

beams are of size 6 in x 30 in and flexural cracks were observed in the beams. Columns size consists of 8 in x 18 in with 

minor torsional cracks were observed.  

3.3 Structural Analysis and Design 

An analytical model of the existing building was developed within ETABS software, incorporating the two additional 

stories and precise steel reinforcement details obtained from the ferro-scanning report. This model was subjected to the 

existing loads and boundary conditions to assess its structural integrity. While the model demonstrated adequate 

performance under existing loads, the introduction of proposed additional stories and their corresponding loads revealed 

signs of failure in specific structural elements. Notably, the columns exhibited a demand-to-capacity ratio exceeding 

acceptable limits, necessitating immediate attention in the retrofitting design process. To address this, an iterative design 
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process was employed to incrementally increase the column and beam sizes until the building successfully passed all post-

analysis checks including drift and torsional building checks. 

   Table 1: Drift limits before retrofitting 

Storey 

Level 

Storey 

Elevation (ft) 
R 𝚫𝒔Ex (in) 𝚫𝒔Ey (in) 𝚫𝒎Ex (in) 𝚫𝒎Ey (in) 

Storey Drift 

% Ex 

Storey Drift 

% Ey 

4 36 5.5 1.99211 1.481328 7.6696 5.7031 1.46 1.23 

3 25 5.5 1.490297 1.061036 5.7376 4.0850 2.16 1.60 

2 14 5.5 0.750679 0.513921 2.8901 1.9786 2.06 1.41 

1 3 5.5 0.044387 0.030012 0.1709 0.1155 0.47 0.32 

The initial structural analysis revealed that the maximum average drift in the x and y directions exceeded the allowable 

limit of 2%, reaching 2.16% and 1.60%, respectively as shown in Table 1, with a fundamental time period of 1.001 seconds. 

   Table 2: Drift limits after retrofitting 

Storey 

Level 

Storey 

Elevation (ft) 
R 𝚫𝒔Ex (in) 𝚫𝒔Ey (in) 𝚫𝒎Ex (in) 𝚫𝒎Ey (in) 

Storey Drift 

% Ex 

Storey Drift 

% Ey 

4 36 5.5 0.604753 0.385042 2.3283 1.4824 0.59 0.40 

3 25 5.5 0.40392 0.249321 1.5551 0.9599 0.64 0.41 

2 14 5.5 0.18294 0.108501 0.7043 0.4177 0.50 0.29 

1 3 5.5 0.01044 0.00789 0.0402 0.0304 0.11 0.08 

The implementation of retrofitting measures, including the addition of shear walls, effectively reduced the building's drift 

limits to 0.64% and 0.41% in the x and y directions, respectively as shown in Table 2. This reduction, coupled with a 

decreased time period of 0.441 seconds, indicates a substantial improvement in the building's seismic performance. The 

analysis and design process adhered to the guidelines outlined in the Building Code of Pakistan (BCP-2007), with an 

importance factor of 1.25 assigned to the hospital building. 

a) b) 

Figure 2: Structural analysis and design in etabs, a. O/S sections before retrofitting, b. Pass sections after retrofitting  

After the final analysis and design (Figure 2a), we determined the new column and beam sizes 15 in x 18 in and 12 in x 

33 in as shown in Table 3. To control the drift, we considered the inclusion of 9 in-thick shear walls. 

Table 3: Member sizes 

Sr. No Members Existing Sizes before Retrofitting (in) New Sizes after Retrofitting (in) 

1 Slab 6 6 

2 Beam 6 x 30 12 x 33 

3 Column 8 x 18 15 x 18 

4 Shear walls Not provided 9 

M/s strips were employed as a substitute for conventional stirrups. M/s strips, also known as steel straps or flat bars, are 

thin, flat steel elements used to confine concrete and enhance its ductility and shear strength [9]. In this context, they were 

strategically placed within the column and beam reinforcement to improve the stability of the columns to withstand lateral 

loads and seismic forces as shown in Figure 3. This choice was likely made due to the ease of installation and the potential 

for M/s strips to provide a more uniform distribution of confinement compared to traditional stirrups. 
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Figure 3: Retrofitting details, a. Retrofitting detail of beam, b. Retrofitting detail of column  

4 Conclusion 

This case study underscores the importance of a systematic approach to structural assessment and retrofitting, particularly 

in the absence of original construction drawings. By utilizing a combination of site visits, data collection, the creation of 

as-built drawings, and advanced analysis and design tools, the structural integrity and resilience of existing buildings can 

be significantly enhanced. This approach not only ensures the safety of occupants but also contributes to a more resilient 

built environment in regions prone to seismic activity. 
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Abstract- Performance-based engineering methods have been recently developed for fire 

hazards providing enhanced prediction of the structural response and subsequent damage 

and loss assessments. In this context, this paper presents an overview of the fire damage 

and loss assessment of reinforced concrete structures under fire hazards by utilizing 

performance-based assessment methodologies. Hence, fire hazard models and the stages 

of fire initiation, propagation, and decay are discussed. Then, a six-step methodology is 

formulated comprising hazard modeling, structural modeling, performance modeling, 

collapse fragility assessment, building response assessment, and loss assessment. Finally, 

the methodology is illustrated by utilizing a four-story building model built in the 

OpenSEES framework.  

Keywords- Buildings, Damage, Fire-Hazard, Performance-Based, Reinforced-Concrete. 

1 Introduction 

Fire hazard-related accidents can significantly damage the structure and could result in catastrophic failure due to extreme 

heat that could result in structural and material degradation [1]. The building structures could experience a fire hazard 

during the service life of a structure and hence it is crucial to understand the fire behaviors during an event of a fire hazard. 

The fire hazard may significantly enhance the degradation process of the structures and could result in socioeconomic and 

environmental consequences increasing the risk of the built environment [2]. 

Performance-based methods could be utilized to assess the structural response to the fire hazard and subsequently assess 

the damage to the buildings. The damage assessment requires fire hazard modeling and structural modeling to determine 

the engineering demand parameters including drifts, and deformations, among others resulting from the additional loads 

due to fire hazards. Furthermore, fire hazard scenarios also reduce the structural strength of the building that also needs to 

be addressed. The structural analysis of the structure given fire hazard scenarios can then be correlated with the damage to 

the building by utilizing fragility functions that are lognormal cumulative distribution functions providing the probability 

of damage to the building structure given fire hazard scenario [3]. The fragility functions are represented for different 

damage states including slight, moderate, extensive, and complete damage states. Also, fragility functions can be 

developed for collapse state or irreparable states to assess the repair, maintenance, or demolition conditions in the post-

hazard conditions [4]. 

Concrete is a relatively durable material that can comparatively perform well under fire scenarios due to several reasons 

including its low thermal conductivity and relative incombustibility as compared to other structural materials such as 

timber, wood, and steel, among others. Furthermore, reinforced concrete structures that are designed according to the 

recent building design codes and according to the required construction quality with adequate reinforcement steel can 

reasonably perform well in the event of a fire by redistributing the loads from the damaged part of the structure to the 

relatively undamaged part of the structure due to reinforcement yielding and stiffness degradation of the structural members 

[5].   
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Subsequently, the probability of complete collapse of the reinforced concrete structures is relatively minimized. 

Nonetheless, reinforced concrete structures still could witness severe damage that may significantly affect the functionality 

of the structure and often require subsequent rehabilitation or repair. Post-hazard repair may be economically viable as 

compared to demolition of structures and building new construction. Furthermore, socioeconomic and environmental 

consequences resulting from new construction are significantly higher as compared to repair of the structure. Also, 

considering the economic constraints of developing countries, repair and rehabilitation of reinforced concrete structures in 

the post-hazard condition is often seen as a viable approach. Nonetheless, before making these decisions, a comprehensive 

assessment of the structures under fire hazard scenarios needs to be considered [6]. 

In this context, this paper presents the overview of the performance-based assessment approach to assess the structural 

response of reinforced concrete buildings under fire hazards and subsequent repair and rehabilitation strategies that could 

be utilized depending upon the level of damage to the building. The framework is provided by utilizing a four-story 

building under a fire hazard scenario. The subsequent section discusses the performance-based assessment methodology 

for fire hazard scenarios to assess the damage to reinforced concrete buildings. 

2 Performance-Based Methodology For Fire Hazard 

The performance-based methodology originally proposed for the seismic hazard scenarios to assess the structural response, 

damage to the buildings, and subsequent socioeconomic and environmental consequences can be utilized to assess the fire 

hazard scenarios with modifications. Conventionally, performance-based methodology requires steps including hazard 

assessment, structural analysis, damage assessment, and consequence assessment. Herein, we propose a performance-

based assessment framework for fire hazard assessment that consists of six steps as shown in Figure 1. The first step 

includes fire hazard modeling which is the crucial step in the performance-based methodology. Then, a structural model 

is built to assess the structural response given the fire hazard scenario. Also, building performance models are developed 

for considered structural and non-structural components of a building to assess the damage states for all the components 

given the fire hazard. The collapse fragility is utilized to determine and probability of collapse of a structure and structural 

response is utilized to determine engineering demand parameters given fire hazard and structural model. Finally, 

component damage, repair costs, and total costs of damage can be determined in the loss assessment step. A detailed 

discussion of the individual steps can be seen in the study conducted in. 

 

Figure 1: Performance-based assessment methodology for damage and loss assessment given fire hazard scenarios  

3 Fire Hazard Modelling 

The fire models vary from considering just a fully developed fire assuming that structural fire resistance of structures under 

fire only depends on the post-flashover fire. Nonetheless, recent models have been developed that considered localized 

and traveling fire scenarios that are in the initial stages, spreading stages, or the pre-flashover phase. However, most of the 

data gathered related to the stages is based on empirical and experimental evidence. Subsequent analytical formulations 

developed are also based on the empirical evidence gathered from the real-life fire hazard scenarios observed during and 

after a fire hazard event.  There has been a recent trend to realistically model the fire hazard scenarios to accurately predict 

the structural analysis and damage under fire events. Realistically representing fire hazard load requires some key issues 
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to be resolved including defining the boundary conditions for the heat transfer of fire load, and accurately modeling the 

temperature differences around the structural components, fire durations, and geometry of burning conditions, among 

others [7]. The most important parameter to determine the structural damage of the buildings under fire hazard is the fuel 

load. The fuel load can be regarded as the structural load that can be utilized to determine the structural response by 

utilizing performance-based assessment methodologies. The fire hazard can be divided into several stages including pre-

flashover and post-flashover as shown in Table 1. 

Table 1: Fire stages for the fire hazard in a compartment 

Investigated time Pre-Flashover Post-Flashover 

First part Initiation Fully developed 

Second part Growth Decay 
 

The pre-flashover fire stages include the initiation stage and the growth stage as shown in Figure 2. After the growth phase, 

a flashover threshold is reached when the fire gets fully developed and enters a post-flashover stage where it remains fully 

developed for a given time and then starts to decay. Various fire hazard models exist that could be utilized in performance-

based engineering for structural fires including zone models, traveling fire models e.g., Clifton’s model and Rein’s model, 

ETFM model, among others [8]. For instance, traveling fire models representing near and far field developed by the Reins 

model is shown in Figure 3. 

 

 

 

Figure 2: Fire stages for the fire hazard in a compartment  Figure 3: Travelling fire representing the near and far field [7] 

4 Loss Assessment 

The finite element structural models are required to assess the structural response of reinforced concrete structures under 

fire hazards. For that purpose, nonlinear structural models could be built that are capable of modeling the post-yield 

behavior of structures. In this context, an OpenSEES model is built that is capable of assessing the nonlinear structural 

response of the considered structure. The model is utilized to determine engineering demand parameters that can then be 

correlated to assess the structural damage. For instance, structural response a four-story building model under increasing 

fire hazard can be seen illustratively in Figure 4. 

 

Figure 4: Structural response in terms of story deflections under increasing fire hazard 
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The structural fire response of a building by utilizing the finite element models can then be utilized to assess the structural 

damage of the building by utilizing fragility functions that can provide the probability of a damage state given the fire load 

intensity [9]. This information can be utilized to assess the losses resulting from the considered fire hazard scenario and 

for the subsequent repair and rehabilitation works. An illustrative representation of the fragility function and loss 

assessment given the fire hazard is shown in Figure 5. 

 

Figure 5: Structural response in terms of story deflections under increasing fire hazard 

5 Conclusion 

This paper provides an overview of fire damage assessment of reinforced concrete buildings under fire hazard by 

considering performance-based methods. In this context, a performance-based approach is formulated that consists of six 

steps including fire hazard modeling, structural modeling, building performance model, collapse assessment, building 

response assessment, and loss assessment. Subsequently, fire hazard modeling of the performance-based assessment 

methodology and discusses various stages of the fire and different fire hazard models utilized in the performance-based 

assessment methodology. Finally, the loss assessment part is discussed by utilizing a four-story reinforced concrete 

building as an illustrative example. 
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Abstract - Bearings are a critical element of bridge structures and play a key role in the 

distribution of loads from superstructure to substructure. Bearings are of various types 

and installed in bridge structures based on articulation requirements. Depending on the 

type of bearing, there is a variation in service life. Bearings also require different types of 

maintenance work ranging from routine cleaning and greasing to full replacement. This 

paper focus is based on major maintenance works i.e. full replacement of bearings during 

their design life. The replacement of bearings poses various design and construction 

challenges which are highlighted in this paper. Various solutions, which have been 

implemented in numerous past schemes, are proposed to overcome these design and 

construction challenges. These solutions provide insight to the reader to overcome these 

challenges in their schemes at preliminary design stages and can help in the preparation 

of efficient and economical design.  

Keywords - Bearings, Design Challenges, Construction Challenges, Jacking, Replacement.  

1. Introduction 

Bearings are critical components of a bridge. They transfer loads between the superstructure and substructure while 

maintaining the articulation of the bridge. Different types of loading act on bridges which include self-weight (dead load), 

superimposed, traffic, wind and temperature. These loads create translation and rotational movements which bridge 

bearings need to accommodate during service life. Bearings are of many types depending on material and fixity [1, 2]. 

These can be elastomeric (Figure 1a), roller (Figure 1b), pot (Figure 1c), knuckle (Figure 1d), leaf (Figure 1e), guided 

and plane sliding (Figure 1f). An elastomeric bearing comprises a block of elastomer that may be reinforced internally 

with steel plates or may be unreinforced [3]. A roller bearing consists essentially of one or more steel rollers between 

parallel upper and lower steel plates. Pot bearings consist of a metal piston supported by a disc of unreinforced elastomer 

that is confined within a metal cylinder. Knuckle bearings comprise of two or more members with curved surfaces and 

allow rotation by sliding one part on another. Leaf bearings have a pin passing through plates fixed alternately to the upper 

and lower bearing plates. Guided bearings provide restraint in only one horizontal direction and plane sliding bearings 

only provide translation.  

According to British Standards BS 5400 Part 1 [4] and Part 9 [5], bearings are required to be designed for 120 years. 

During this period bearings should be maintained and serviced as per manufacturer requirements. Bearings can be 

maintained through routine or minor maintenance prior to full refurbishment and replacement. Routine or minor 

maintenance includes cleaning or re-greasing of bearings and patch re-painting. Niemierko produced a paper on “Modern 

bridge bearings and expansion joints for road bridges” [6] however the focus was on the bearing components themselves 

rather than on the design and construction challenges of bearings. Three bridges were studied by Van Lund [7] with various 

construction challenges discussed, however, design challenges were not considered. Furthermore, the paper was published 

in 1995 with some of the bridges studied being nearly 100 years old. The purpose of this paper is to discuss present design 

and on-site challenges related to the replacement of bearings and conclude solutions to overcome these challenges. These 

solutions will provide insight to the reader to deal with challenges for their future schemes.  
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2. Procedural Steps for Bridge Bearing Replacement 

The design process for bridge bearings replacement has the following main activities: determination of the articulation and 

condition of the existing bearings, modelling of the bridge deck to confirm the loading on the bearings, development of a 

bearing schedule, modelling of jacking arrangements, production of a jacking schedule and temporary works design to 

undertake the bearing replacement work. 

The process begins with a comprehensive preliminary assessment. This involves gathering information about the existing 

bearings from as-built design drawings as well as from inspection and maintenance reports. On-site surveying of the 

existing bearings should be undertaken to identify signs of deterioration or damage. Furthermore, surveying is necessary 

to understand precisely which bearings are in need of a replacement. It is possible that only a particular group of bearings 

need replacement i.e. the free bearings or mechanical bearing with PTFE. After determining which bearings need to be 

replaced, finite element analysis (FEA) modelling is undertaken to find the loading applied on bearings from the bridge 

deck. The model encompasses all the structural constituents of the deck (e.g. main beams, deck slab, parapet beams…) 

including the geometry and material properties. Furthermore, the modelling includes the various types of loading subject 

to the bearings such as deck dead, superimposed and live loads. These are calculated using relevant design standards. 

Finally, the model loading outputs are to be combined in accordance with design standards.  

A bearing schedule, which is a detailed document that outlines the specifications and requirements for bridge bearings, is 

produced. Standard bearing schedule layout can be found in BS 5400 Part 9 [5] but this standard has been withdrawn in 

2010 and since replaced with BS EN 1337 Part 1 [8]. The bearing schedule includes information such as the type of 

bearings required, their dimensions, the load capacities of the bearings from modelling analysis, material compositions of 

the bearing seating faces as well as specific installation requirements e.g. type of fixing. The overarching purpose of the 

bearing schedule is to provide information for the design of new bearings. In order for the bearings to replaced, the bridge 

deck must be jacked. A jacking arrangement is tested using FEA modelling software such as LUSAS [9] or MIDAS Civil 

[10] to simulate the loading experienced by the hydraulic jacks to ensure they can withstand the forces and stresses 

encountered during the jacking process. Furthermore, by modelling the jacking arrangement the stresses experienced by 

various bridge components (e.g. diaphragm or main beams) can be studied to ensure that they are within acceptable limits.  

3. Discussions 

3.1 Design Challenges 

There are various design challenges with the replacement of bridge bearings. Unknown concrete strength is a significant 

challenge. Replacing bearings involves jacking entire bridge sections. It is particularly important to know the strength of 

the section being lifted by the jack e.g. the diaphragm. Design calculations are undertaken to ensure that the concrete 

section being lifted by a jack can handle the stress from lifting. Suitably sized jacking plates are selected to avoid concrete 

crushing from excessive stress. If the concrete strength is unknown, it may be necessary to sanction concrete testing of the 

affected sections. Otherwise, the designer would need to plan for the worst-case scenario (very low strength). This would 

present additional challenges with finding a jacking and temporary works design that would pass all the design checks.  

Figure 2:  Hydraulic jack placed on column with limited space 

Figure 1:  a) elastomeric bearing, b) roller bearing, c) pot bearing, d) knuckle bearing, e) leaf bearing, f) plane sliding bearing 

a) b) c) d) e) f) 
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The age of bridge structure is a design challenge. Older bridges were designed using design codes that have since been 

withdrawn and replaced with newer standards. It is normally the case that new design standards have more strict 

requirements. In the case where there is a contractual obligation to satisfy the current design standards, there can be various 

challenges in finding an acceptable solution for bearing replacement. An example is where new design standards define 

that the deck main beams have a lower loading capacity than what was calculated in the original design. This could cause 

difficulty in selecting a temporary works design that does not cause the main beams to exceed their new, lower loading 

capacity. 

Another challenge is the limitation of space for the placement of hydraulic jacks. To undertake a bearing replacement 

scheme, jacks of specific type and size must be placed in positions according to the temporary works design. However, 

due to poor bridge design, it can be very challenging to find a suitable position for the jacks. For example, the height 

between the bearing plinth and the bridge deck beam may be too small to fit a suitable jack. It is observable in Figure 2 

that there is a limit in available height so only a small jack could be safely placed on the column. Furthermore, it can be 

seen that there is no space for placing a second jack on this column. There are solutions for these types of limitations such 

as constructing a temporary shoring tower on which to place jacks, however, the solutions are far more expensive than the 

conventional method of placing jacks on the existing bridge substructure. 

3.2 Construction Challenges 

There are various construction challenges that can be faced as shown in Table 1. A major construction challenge is when 

it is discovered on site that the bridge is not as per as built drawings. For example, it is discovered that the spacing between 

bearings is less than previously known. This may require a change to the jacking arrangement and therefore a new design 

for temporary works. There may be a delay of weeks for the designer to check and approve an alternative jacking 

arrangement. Not only would there be a time delay, but there would also be a significant cost to cancel and reschedule 

equipment, personnel and road closures that were reserved for a particular time to undertake the bridge bearing 

replacement.  

Table 1:  Key construction challenges and solution 

 

Before undertaking bridge bearing replacement, it is vital to identify and coordinate with the owners of services that may 

be located near or within the bridge structure. This coordination ensures that services are properly protected. If necessary, 

services may need to be relocated or temporarily shut down during construction work. If there is a service line that was 

not accurately identified, there is a risk of damage to that service. Not only can this cause disruption to the service, costly 

repairs, and financial penalties, it may present a major safety challenge. For example, if the unidentified service was a gas 

pipe and it was broken during the jacking of the bridge, it would leak gas and possibly cause an explosion. If the service 

was identified on site just as construction work was getting started, there may be a delay to the project to agree with the 

service owner whether the service would need to be temporarily shut down or relocated.  

Bearings with fixity can present additional challenges that free bearings are not affected by. It is often the case that fixed 

bearings are bolted in the bridge abutment or beam. There may be a range of issues with removing fixed bearings. The 

bolts may have corroded or deteriorated over time making them difficult to remove. There may be restrictions related to 

Construction Challenges Potential Solution 1 Potential Solution 2 

Services/STATs within the 

work area 

Undertake calculations to check if 

services can allow displacement from 

jacking 

Liaise with the service provider to find 

a solution e.g. temporarily shutting 

down the service 

Inaccurate information from as-

built drawings 
Undertake on-site survey 

Check if there is enough design 

tolerance to proceed 

Difficulty with removing fixed 

bearing 

Hydro-demolition around the old fixed 

bearing followed by restoration of the 

structural member 

Implementation of other demolition 

methods such as drilling and cutting 

Traffic Management 
Ensure that there are satisfactory lane 

closures 

Ensure that the traffic diversion route is 

satisfactory 

Inadequate Space for equipment 

to allow breakout of concrete 

Acquiring and using more compact 

equipment 

Consider alternative demolition 

methods 
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access, such as limited space, making it challenging for the contractor to use the required equipment for disassembly. It is 

often the case that the contractor must remove the concrete around the bearing bolts to remove the old bearing. This 

presents further challenges associated with maintaining the bridge’s structural integrity during the bearing replacement 

work as well as with ensuring that the damaged bridge structural component is refurbished to an acceptable condition. 

There are challenges associated with providing temporary fixity or additional restraint to a bridge during bearing 

replacement work. There is the potential for damage if fixity or restraint systems are improperly installed. This may cause 

issues, such as overstressing bridge components and causing damage to concrete. These issues can threaten the structural 

integrity of the bridge. The contractor must ensure that restraint systems are installed correctly and in the case of causing 

damage to the bridge, there must be liaison with the designer before continuation of works to ensure that necessary repairs 

are undertaken so that the bearing replacement work is carried out safely. 

If a bridge is to have bearings replaced at various abutment or pier locations, then it is necessary to follow a precise plan 

for the various stages of bearing replacement. It is a construction challenge to successfully coordinate the activities across 

multiple stages of bearing replacement work while minimising disruption and ensuring there are no delays. This requires 

effective communication with the various project stakeholders including the designer, principal contractor, sub-contractors 

and transportation authorities. Furthermore, bearing replacement projects often require lane closures to ensure the safety 

of workers and bridge users. Managing traffic flow during these closures is challenging and requires effective planning, 

particularly in heavily travelled routes or where alternative routes are limited. 

4. Conclusions  

The design and replacement of bridge bearings involves careful consideration of multiple factors to ensure successful 

implementation. Section 2 of this paper provides a structured approach to the design process behind the replacement of 

bridge bearings. Various challenges faced in bearing replacement projects were discussed, such as unknown concrete 

strength, bridges designed under old design codes and access limitations for placing hydraulic jacks. These challenges 

require innovative solutions and often necessitate additional testing and conservative design assumptions. Furthermore, 

construction challenges, including discrepancies between site conditions and as-built drawings, the presence of utility 

services, and the necessity of maintaining bridge structural integrity during bearing removal and replacement, demand 

thorough planning and effective communication among various stakeholders. Overcoming these challenges is crucial for 

the successful and safe replacement of bridge bearings, ensuring an extended lifespan and satisfactory performance of 

bridge structures. Awareness of these challenges can lead to efficient and economical design.  
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Abstract- This project deals with the design and analysis of high-rise building by using 

eco-friendly building materials. The locally developed building materials from recycled 

waste were used as concrete and bricks. A ten-story high-rise building was designed using 

the software ETABS. The concrete comprised of 10% partial replacement of cement by 

red brick powder (RBP) and the bricks contained 25% mass of clay replaced by the RBP. 

These materials were cast and their properties were determined as per ASTM standards. 

The characteristics were incorporated in the software and the building was designed and 

analyzed. The designed building was compared with that containing conventional 

concrete and bricks. It was found that the design having waste materials resulted in the 

saving of 160 tons of cement, and 440 cubic meters of fertile clay. This will avoid a 

Carbon emission of 144 tons to the atmosphere and a significant saving in energy required 

to manufacture cement. The building containing waste materials is also PKR. 5.67 million 

less in cost than that containing conventional materials.  

Keywords- Green Design, High-rise Buildings, Recycling, Waste, Environmental Impact, Cost. 

1 Introduction 

In daily construction activities, it is observed that the concrete is made up of three main constituents i.e. cement, sand and 

aggregates. Cement being the main constituent, significantly affects the environment as well as sustainability. Cement 

while its production causes severe environmental impacts such as CO2 emission which causes the global warming, 

production of cement requires a high temperature around 1400°C which is primarily done by igniting fossil fuels which 

are also decreasing day by day and its production is causing resource depletion and air pollution (emission of Nitrogen 

oxides & Sulphur oxides). It is required to reduce these effects to make the construction practices sustainable and reduce 

the environmental impact of concrete  

Red brick powder is a local material and has been used in a variety of ways in the archeological sites of the sub-continent. 

Locally, it is known as “surkhi” [1], [2]. Arif et al. studied the effect of red brick powder (RBP) as a partial substitute of 

cement in concrete [3]. The results showed that for the replacement of 10% of cement provided improved mechanical 

properties and work ability due to its particle shape and size, and improves compressive, flexural, and tensile strengths due 

to its pozzolanic properties. It also improves the compressive strength and durability of concrete. On the other hand, it 

causes reduction of carbon and energy consumption in cement production and recycling of construction waste [3]. Riaz et 

examined the effect of red brick powder on the properties of clayey bricks. The study found that incorporating RBP 

increased brick porosity, making them suitable for moderate weather resistance and insulation, but decreased unit weight, 

leading to lighter and more economical structures. Moreover, compressive strength reduced with RBP addition but 

remained adequate for second-class bricks up to 15% RBP. Flexural strength also remained satisfactory even with 25% 

RBP. RBP incorporated in the production of clayey bricks saved 25% of fertile clay, leading to environmentally friendly 

construction [4]. Shah et studied the harnessing of red brick powder as a sustainable cement alternative. The findings 

revealed that RBP was a viable alternative to cement, enhancing the compressive strength of the concrete, particularly at 

an optimal dosage of 15%, which resulted in a 9% increase in strength at 28 days compared to the control mix. Moreover, 
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a) 

split tensile strength also saw a 15% improvement with 15% RBP substitution. Overall, incorporating RBP into concrete 

not only improved its structural integrity but also promoted sustainable waste management and cost efficiency [5]. 

This work deals with the design and analysis of an RCC high-rise building. In the design, concrete containing 10% RBP 

as a partial replacement of cement was used. Additionally, the partition walls were made of red bricks, in which 25% fertile 

clay was replaced by the RBP. The aim was to design a sustainable building based on the materials previously developed 

in our research group. The benefits of using locally developed materials were assessed by designing an actual RCC 

structure and comparing it with the conventional building in terms of environmental and cost. This work aims to provide 

the benefits of a green building in terms of waste reduction and utilization in accordance with the sustainable development 

goals of UNO [6]. A 10-story building was chosen as a test case. The design and analysis were carried out using ETABS. 

The benefits of green building are presented in the form of reduction in greenhouse gas emission, the use of natural 

resources, energy and cost.  

2 Research Methodology 

2.1 Dimensions of the Proposed Building 

 The proposed plan for the high-raised building is shown in Figure 1. It has dimensions of 37m x 36.57m with a height of 

32m including ground floor. In this design, four shear walls were provided as per recommendations of ASCE 7-17 [7]. 

One shear wall each was provided along the longer side and two central shear walls were provided in the middle along the 

shorter side. The building was subjected to dead, live, wind and earthquake as per Universal Building Codes 97 [8].  

Figure 1: Two- & Three-Dimensional Plan of proposed model 

2.2 Analysis and Design 

The proposed building was modeled using ETABS, and properties of the materials resulting from past researches were 

assigned to the components of the building, i.e., slabs, columns, beams, walls, etc. The material properties used in the 

design are shown in Table 1.  

Table 1: Properties of green materials used 

Materials 
Compressive Strength 

(MPa) 

Density 

(kg/m3) 
Poisson’s Ratio 

Modulus of Elasticity 

(GPa) 

Conventional concrete 27.5 2402.8 0.2 24.55 

10% RBP in Concrete 30.3 2324.76 0.2 25.871 

Conventional brick 9.13 2162 0.2 12.4 

25% RBP in Bricks 5.95 1274.65 0.2 11.5 

a) 
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3 Results 

After designing the model in ETABS, the dimensions of different components of green building (i.e. slabs, beams, columns 

and walls) for all stories were obtained and are described in Table 2: 

Table 2: Dimensions obtained from design 

Components Width (mm) Depth (mm) 

Slabs - 175 

Beams 300 750 

 300 300 

Columns 560 560 

Shear Walls 300 - 

Perimeter Walls 228 - 
 

After analyzing the model, the parameters were checked by the given ACI code (i.e. ACI-318-14) [9] using ETABS. The 

International Building Code (IBC) (for earthquake as load) specify a maximum story drift of 0.015-0.02 whereas it is 

0.00016 & 0.000031 in x and y direction respectively, and a story displacement of 45-60 mm for a story height of 3 m [10] 

whereas it results in 4.06mm and 4.01mm, respectively. Moreover, the overturning moments was obtained as -540 KN-m, 

which normally depends on foundation soil conditions. This implies that the given structure is within the safe limits. The 

comparison of different parameters that are linked with sustainability are given in Table 3: 

Table 3: Sustainability Parameters  

Parameters Conventional Building Green Building Savings Cost Effectiveness 

Cement (tons) 1088.222 927.924 160.398 
4.65154 

Million Rupees 

Carbon 

Dioxide 

(tons) [11] 

979.399 835.04 144.358 - 

Electricity 

(kWh)[12] 
119704.403 102060.6 17643.803 

0.70575 

Million Rupees 

Clay (m3) 1761.822 1321.36 440.46 
0.308319 

Million Rupees 

Structure 

weight (MN) 
169.22 142.36 26.86 - 

Total saving in Rs. Million 5.67 

 

The Table 3 indicates that use of eco-friendly materials is a cost-effective sustainable solution: it provides savings in the 

use of cement, the emission of greenhouse gases, and the energy requirements. Additionally, the use of 25% RBP provides 

an economy of 440 m3 of fertile clay. Nevertheless, the structure is also lighter than that consisting of the conventional 

materials.  

4 Conclusions 

This work deals with the design of a 10-story RCC building using green materials, developed in the lab. Based upon the 

simulations, the following conclusions are withdrawn: 

1. The designed building provides a saving of 160.39 tons of cement, and 440 m3 of fertile clay. 

2. The saving in cement corresponds to a reduction of 144 tons of CO2 to the atmosphere, and an energy conservation 

of 17.64 MWh.  

3. The proposed green design assures a cost reduction of 5.67 million PKRs.  
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4. The building incorporating waste materials is 16% lighter than that containing conventional materials.  
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Abstract- This study explores the implementation of Building Information Modeling 

(BIM) workflow in traditional structural design processes, with a focus on interoperability 

challenges and comparative analysis. A live project served as the basis for examining 

both conventional and BIM-based approaches to structure design. The study reveals 

significant differences in time consumption, coordination, error reduction, and rework 

between the two methods, with the BIM-based approach demonstrating notable 

advantages. Through the integration of 3D modeling and project browser features in 

Revit, stakeholders benefit from enhanced visualization, collaboration, and flexibility in 

design adjustments. Overall, BIM-based design in Revit proves to be a highly efficient 

and error-minimizing solution for structural design processes. 

Keywords- Automation, BIM, Design Workflow, Structure Design.  

1 Introduction 

The design workflows in construction industry are continuously looking for more efficient methods. The only way is to 

automate manual processes and utilize better software for reduced cost and time. Introduction of modern technologies in 

the design workflows is important in achieving these desired efficiencies in the industry. The construction industry is in 

continuous implementation of new technologies due to ever evolving nature of this field [1], [2]. However, these 

technologies should facilitate digital building information in construction industry to transform it into dynamic 

environment [3]. New development in technologies have led to advanced building design tools [4]. BIM methodology is 

one example of such tools, which has been widely acknowledged and implemented within the construction sector. BIM 

can help to facilitate communication among design teams to prevent discrepancies in work output by individual team 

members that can otherwise affect the productivity rates. BIM is based on the idea of having a centralized database which 

contain digital three-dimensional model of each design parameter. Consequently, data exchange among different 

participants is easier. Multiple methodologies are being implemented for the use of BIM software in designing structures. 

These methodologies can help with quick design generation, increase efficiency, and alternatives to cut down discrepancies 

within design drawings [5]. For this reason, it is suggested that BIM has a significant role in assisting structural designer 

in their field of activity, and therefore should be adopted by the industry professionals [6] 

Structural design is an activity that necessitates proficient management of available software, both in terms of the modelling 

process and analysis practice [7]. The process of structural design, backed by BIM software, has been extensively 

researched. A common finding across these studies is the identification of the interoperability capacity of the systems as a 

primary constraint on BIM implementation in this segment of construction [8], [9]. The percentage of structural projects 

where BIM software is utilized, revealed an average of 50% in tasks related to inter-discipline coordination, predication 

of documentation (drawings), and analyses and design [10], [11]. So, interoperability is an essential step that requires 

careful consideration in project design offices. This study examines and presents the implementation of BIM integration 

in structural design within a real-world project in Pakistan. The novelty of this study lies in its empirical comparison of 

BIM and traditional methods, highlighting the practical benefits and efficiency gains of BIM integration. This unique focus 

provides valuable insights into the implementation of BIM within the local context. Therefore, this study focusses on two 

main objectives: 
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1 Implementation of BIM workflow in the traditional structure design process.  

2 Comparison of Traditional and BIM based structure design process. 

 

2 Research Methodology  

This study follows the methodology as elaborated in Fig. 1. A live project is chosen for study purposes. The structure 

design of the project has been conducted using the traditional approach practiced in design consultancy. Subsequently, the 

structure design process is repeated using BIM based approach, resulting into exploration of interoperability compatible 

BIM methodology for structure design processes and comparison of traditional and BIM based structure design 

approaches. 

3 Case Study 

The live project involved the construction of a mosque in the Islamabad region, comprising two floors. The design process 

commenced with a soil investigation, followed by a site visit to assess soil profile, topography, and other site 

characteristics. Multiple plans were drafted by the architect according to client’s specifications. Upon client’s approval, 

one architectural draft plan was finalized, with column locations marked on for structural design. These architectural plans 

were then passed to the structural design engineer for framing, analysis, and design of the structure of mosque.  

1.1 Conventional Design Approach 

The conventional design approach involves the designing of the frame structures on the plans received from the architect. 

This task is accomplished using specialized software tools such as Etabs, which facilitate detailed and accurate structural 

analysis and design. The dimensions of the structural members and required steel reinforcements are then provided to the 

structural draftsmen. Equipped with this information, the draftsmen proceed to create detailed plans in accordance with 

the provided framing. Despite being time-tested, this methodology necessitates careful coordination and clear 

communication between all parties involved to ensure the successful completion of the project. 

1.2 BIM based Design Approach 

In a BIM-based approach, the architect provided CAD files of the architectural plan to the structural engineer for initial 

column sizing. Simultaneously, the architect began developing an architectural model in Revit for future collaboration and 

clash detection. The structural engineer linked the CAD file to Revit and created a 3D Structural Framing Model using a 

Revit structure template. A BIM studio plugin was utilized for automatic column placement based on the linked CAD file, 

reducing modeling time. Once the framing was verified, the engineer imported the model to CSI ETABS for analysis and 

design. Following analysis and design, the model was transferred back to Revit for validation. In order to ensure a smooth 

transferring of model between two software, CSiXRevit plugin was used. Rebar modeling using the CAD Rebar Extension 

ensued, resulting in the preparation of detailed construction drawings with 3D views and quantity estimation using BIM. 

Fig 2. shows the workflow begins with an initial framing geometrical model in Revit as shown in fig 2a. this basic 3D 

model lacks detailed load and boundary condition information. Fig 2b. shows an analytical model which was prepared in 

Revit incorporating loads and boundary conditions. Fig 2c. demonstrates the results of shear stress distribution after 

analyzing the analytical model in Etabs, and Fig 2d. represents the final reinforcement model in Revit that was based on 

the output reinforcement results from Etabs.  

 

4 Results 

The study showed a big difference in time consumption, coordination issues, errors, and rework between the BIM-based 

approach and the conventional design-based approach. The results are shown in Table 1 and Table 2. The conventional 

approach took 8.5 days, while the BIM-based approach only took 3 days. 

Selection of Live 
Design Project

Conventional 
Approach Based 
Structure Design

BIM Approach 
Based Structure 

Design

Comparision of 
Results

Figure 1: Research Methodology 
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In the conventional design approach, the architect took 1 day to create the initial concept and CAD plan. Next, the structural 

draftsman took 1.5 days to prepare the initial structural drawings. Then, the structural engineer needed 2 days for detailed 

structural analysis and design. After that, the structural engineer spent another 2 days to create detailed structural drawings. 

Finally, the revision process took 2 more days to finalize the design and drawings. Overall, it took 8.5 days to complete 

the design and drafting process. 

In contrast, with the BIM-based approach, the architect also took 1 day to create the initial CAD plan. After that, the 

structural engineer completed the design and detailing process using BIM tools in just 2 days. So, the entire process took 

only 3 days. This shows that the BIM-based process is 2.83 times faster than the conventional process. This significant 

timesaving highlights the efficiency of using BIM tools in design and drafting. 

All in all, the conventional approach is already well established, and users are familiar with its workflow, which results in 

more predictability in the earlier stages of the project. However, it is time-consuming, as indicated by the results showing 

that it took 8.5 days for the entire process, and comparatively there is still a high probability of errors and rework. On the 

other hand, the BIM-based approach is more time-efficient, well-coordinated, and has a comparatively lower probability 

of errors and rework. However, the initial efforts in terms of setting up a BIM-based design environment, including the 

hard resources such as systems and soft resources such as software purchasing and recruiting people with the required 

skills, are comparatively high. 

Figure 2: BIM design approach, a. Initial geometrical model, b. Revit analytical model, c. Etabs analysis model 

and d. Finalized reinforced model of Revit. 
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Table 1: Conventional Design Approach 

Sr. No Activity Performed By Time 

1.  Initial CAD plan Architect 1 day 

2.  Structural CAD plan Structure draftsman 1.5 days 

3.  Structure analysis and design Structure engineer 2 days 

4.  Preparation of structure detailing Structure draftsman 2 days 

5.  Revisions Architect and structure engineer 2 days 

Table 2: BIM Base Design Approach 

Sr. No Activity Performed By Time 

1.  Initial CAD Plan Architect 1 day 

2.  CAD to Revit Structure engineer 

1 day 
3.  

Integration of Revit model to Etabs for 

analysis and design 
Structure engineer 

4.  Placement of reinforcement in Revit Structure engineer 
1 day 

5.  Detailing in Revit Structure engineer 

 

5 Conclusion 

The study implemented the BIM based structure design process on a live project and drawn comparison with conventional 

approach. From this study, it is concluded that: 

1. BIM-based design in Revit ensures minimal errors and high efficiency due to precise coordinate input and 

seamless propagation of modifications across all views, saving significant time in the design process. 

2. The integration of 3D modeling and project browser in Revit enhances visualization, fosters collaboration, and 

minimizes inconsistencies across disciplines, further reducing design time.   
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Abstract- This project deals with the design of a High-rise building by using waste 

materials. The locally developed building materials from recycled wastes were used in 

manufacturing concrete and bricks. A ten-story high-rise building was designed using the 

software ETABS. The concrete comprised of 10% partial replacement of cement by waste 

marble   powder (WMP) and the bricks contained 12% waste ceramic powder and 15% 

waste brick powder as replacement of clay. These materials were developed in the lab, 

and their properties were determined as per ASTM standards. The characteristics were 

incorporated in the software and the building was designed and analyzed. The designed 

building was compared with that containing conventional concrete and bricks. It was 

found that the design having waste materials resulted in the saving of 164 tons of cement, 

and 475 m3of fertile clay, while meeting the stability standards as documented in the 

building codes. The design prevents the emission of 148 tons of carbon into the 

atmosphere and significantly saves energy required for cement manufacturing. 

Additionally, the building incorporating waste materials costs Rs. 5.8 million less than 

one made with conventional materials. 

Keywords- High-Rise Buildings, Recycling, Waste Marble, Waste Ceramic, Environmental Impact, Cost Effectiveness. 

1 Introduction 

In today’s modern world, concrete is widely used in the construction of civil engineering structures. Concrete comprises 

of three main constituents: cement, sand, and coarse aggregate. The production of cement produces a huge amount of 

carbon dioxide and contributes significantly to global warming. Its manufacturing requires a temperature of 1400 ⁰C, which 

is achieved by burning fossil fuels [1]. Thus, it also causes the depletion of fossil fuels. It is necessary to reduce the use of 

cement to make the construction sustainable and eco-friendly.  

Marble is one of the most important and widely used stones. It is calcareous in nature and is the metamorphic form of 

limestone. Majeed et al. studied the effect of waste marble powder (WMP) on the properties of concrete. The results 

showed that up to 10% replacement of WMP, the compressive and tensile strengths of concrete are improved. The increase 

in mechanical strength was attributed to the pozzolanic and cementing characteristics of the Marble [2]. Memon et al. 

studied the effect of partial replacement of marble dust with cement on the fresh and hardened properties of concrete. The 

results showed greater compressive strength in concrete and a decline in workability [3]. Özkılıç et al. examined the effect 

of marble powder on the performance of concrete. The authors partially replaced cement with 10-40 % of waste marble 

powder. The authors recommended a dosage of 10% waste marble powder as a partial replacement cement, based on the 

mechanical and sustainability aspects [4]. Khitab et al. examined the effect of waste brick powder (WBP) and waste 

ceramic powder (WCP) as replacements for clay in bricks. The study found that incorporating 15% WBP and 12% WCP 

resulted in the same density as with 100% clay [5]. An increased brick porosity was also obtained as compared to clay 

bricks, making them suitable for moderate weather resistance and insulation. Moreover, compressive strength reduced with 

15% WBP and 12% WCP addition but remained adequate for second-class bricks. There was a 27% decrease in the initial 

water absorption rate in bricks with the replacement. Additionally, there was no efflorescence in the bricks. The 
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incorporation of WBP in the production of clayey bricks saved 27% of fertile clay, leading to environmentally friendly 

construction [5]. 

This work deals with the design and analysis of an RCC high-rise building. In the design, concrete containing 10% WMP 

as a partial replacement of cement was used. Additionally, partition walls of red bricks were provided, in which 27% fertile 

clay was replaced by a mixture of 10% WCP and 12% WBP. The aim was to design a sustainable building based on the 

materials previously developed in our research group. The benefits of using locally developed materials were assessed by 

designing an actual RCC structure and comparing it with the conventional building in terms of environmental impact and 

cost. This work aims to provide the benefits of a green building in terms of waste reduction and utilization in accordance 

with the sustainable development goals of UNO [6]. A 10-story building was chosen as a test case. The design and analysis 

were carried out using ETABS. The benefits of green building are presented in the form of reduction in greenhouse gas 

emission, the use of natural resources, energy and cost.  

2 Research Methodology 

2.1 Dimensions of the Proposed Building 

 The proposed plan for the high-raise building is shown in Figure 1. It has dimensions of 37m x 36.57m with a height of 

32m including ground floor. In this design, 4 shear walls were provided as per recommendations of ASCE 7-17 [7].  

a)                                       b)    

Figure 1: Two- & Three-Dimensional Plan of proposed model 

The shear walls are highlighted with red ink in Figure 1. One shear wall each was provided along the longer side and two 

central shear walls were provided in the middle along the shorter side. The building was subjected to dead, live, wind and 

earthquake as per Universal Building Codes 97 [8].  

2.2 Design & Analysis 

The proposed building was modeled using ETABS, and properties of the materials resulting from past research were 

assigned to the components of the building, i.e., slabs, columns, beams, walls, etc. The material properties used in the 

design are shown in Table 1. These properties were acquired from our previous researches [5], [9].  
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Table 1 Properties of materials used [5], [9] 

Materials 
Compressive 

Strength (MPa) 

Density 

(kg/m3) 
Poisson’s Ratio 

Modulus of 

Elasticity (GPa) 

Conventional concrete 25 2385 0.2 23.5 

10% WMP in Concrete 32 2410 0.2 26.6 

Conventional brick 9.31 2162 0.2 12.4 

15% WBP + 

12% WCP in Bricks 
9 1400 0.2 14.1 

3 Results 

After designing the model in ETABS, dimensions of the components of green building (i.e. slabs, beams, columns and 

walls) for all stories are shown in table 2. 

Table 2: Dimensions obtained from design 

Components Width (mm) Depth (mm) 

Slabs - 175 

Beams 300 750 

 300 300 

Columns 560 560 

Shear Walls 300 - 

Perimeter Walls 228 - 
 

After analyzing the model, the parameters were checked by the given ACI code (i.e. ACI-318-14) [10] using ETABS, 

which indicated that the building was stable. Some significant limit state parameters are provided in Table 3. 

Table 3: Analysis Parameters  

Display Type Load Max. (X-direction) Max. (Y-direction) 
Max. Limit 

Story Drift (Unit less) Earthquake 0.000141 0.0000136 0.0015 

Max. story Displacement (mm) Earthquake 3.63 3.66 30 

Overturning Moments (KN-m) Earthquake 558434 -480000 
Depends on 

foundation soil 

 

Story drift is a parameter, which shows the relative displacement of a floor with respect to the next floor. According to 

Indian Standards IS 1893 (Part 1) [11], the maximum story drift should be less than 0.004, whereas the Appendix C of 

ASCE 7 put a limit ranging from 0.005 to 0.0015 [7]. The story displacements are well within the limits[12]. The 

comparison of different parameters that are linked with sustainability are given in Table 4: 

Table 4: Sustainability Parameters  

Parameters 
Conventional 

Building 

Green 

Building 
Savings 

Cost Effectiveness 

(Millions of Rs.) 

Cement (tons) 1088 924 164 4.75 

Carbon Dioxide (tons) [13] 979 813 148 - 

Electricity (kWh)[14] 119704 101597 18167 0.73 

Clay (m3) 1762 1287 475 0.332 

Structure weight (MN) 169.22 141.8 27.4 - 

Total saving in Rs. Million 5.812 
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The use of green materials, which have been tested in the labs, is an eco-friendly approach: this not only provides saving 

in cement, but also in the associated greenhouse gas emissions. The energy requirements can be reduced owing to lesser 

manufacturing of cement. Additionally, the incorporation of 27% waste in bricks results in a significant reduction of fertile 

clay, which can be preserved for crops, vegetables and fruit.  

4 Conclusions 

This work deals with the design of a 10-story RCC building using green materials, developed in the lab. Based upon the 

simulations, the following conclusions are withdrawn: 

1. The designed building provides a saving of 164 tons of cement, and 475 m3 of fertile clay. 

2. The saving in cement corresponds to a reduction of 513 tons of CO2 to the atmosphere, and an energy conservation 

of 18.2 MWh.  

3. The proposed green design assures a cost reduction of 5.8 million PKRs.  

4. The building incorporating waste materials is 16% lighter than that containing conventional materials.  
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Abstract: Reinforced concrete (RC) structures are exceedingly susceptible to fire damage, 

which may induce substantial degradation of the material. Concrete does not ignite at 

ambient temperature; however, it can significantly alter its mechanical, chemical, and 

structural characteristics when subjected to elevated temperatures. The extent of a fire 

damage is primarily determined by its severity and duration. Small fires for short duration, 

burning, results limited damage, larger fires that persisting over time leads to substantial 

damage or even structural collapse. This study examines the response of concrete to fire, 

the potential damage that reinforced concrete buildings may sustain, and the retrofitting 

solutions that are currently available. Additionally, it contains an incident report regarding 

a textile market fire that was precipitated by a short circuit. This case study examines 

ecological retrofitting solutions and concentrates on reinforced concrete buildings on 

lower stories. In this investigation, we investigate the potential of natural fiber laminates 

to retrofit buildings and the ability of cement slurry to repair damaged concrete. 

Keywords-Bamboo Fiber Laminates, Concrete Structures, Fire, Retrofitting Techniques. 

1 Introduction 

The danger of fire causes a substantial risk to the structural stability of reinforced concrete (RC) buildings. Although 

concrete is categorized as a non-combustible substance, it can undergo physical and chemical alterations when subjected 

to high temperatures. These alterations can cause significant deterioration in the mechanical characteristics of the object, 

which may result in potentially disastrous structural failures [1,2]. The magnitude of harm sustained by concrete buildings 

during a fire occurrence is impacted by several aspects, such as the strength and length of the fire, as well as the distinct 

characteristics of the concrete and steel reinforcing [3].Concrete degradation when exposed to high temperatures is 

primarily caused by water vapor pressure, the breakdown of hydrated cement compounds, and the incompatibility between 

the thermal reactions of aggregate and hydrated cement [4]. At temperatures over 400˚C, concrete undergoes a process 

where water is expelled from the gel, capillary, and interlayer pores. Calcium hydroxide decomposes at around 400˚C, 

while combined water and C–S–H break down at temperatures ranging from 500˚C to 800˚C [5]. In most of the fire events, 

the intensity and length of the fire impair the structural integrity and rigidity of concrete structures to the extent that 

repairing them becomes a more practical and cost-effective alternative than dismantling and rebuilding the damaged 

structures [6]. 

 

Various deterioration and damage processes can affect RC structures, each with its own set of pros and cons. "Concrete 

jacketing" applies a new layer of reinforced concrete to enhance the strength and ductility of existing columns or beams. 

Modifications to the base can be required due to the method's effect on the enlargement and weight of structural parts [7]. 

Spending a significant amount of money on this could potentially change the appearance of the building. Installing steel 

braces or frames enhances the structural stability and lateral resistance of damaged constructions. The execution of this 

technique will determine whether altering the building's aesthetic is necessary or not. Factors such as the design of the 
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building and the placement of the bracing determine the effectiveness of the retrofit. Furthermore, significant bracing may 

lead to financial concerns [8]. When choosing an appropriate retrofitting method for burnt concrete structures, one must 

carefully consider factors such as increased strength and stability, expenditures, structural alterations, and the type of 

damage. 

This study investigates the behaviour of concrete when exposed to fire, the many forms of damage that can occur to 

reinforced concrete structures because of fire, and the retrofitting options that are now available. Visual inspections and 

non-destructive tests quantify reinforced concrete fire damage. The procedures measure material properties, internal 

flaws, and structural integrity. These approaches provide a comprehensive representation of the damage caused by fire in 

concrete buildings. The case study examines the harm inflicted on low-rise reinforced concrete structures due to a fire 

triggered by a short-circuit in a nearby fabric market. It also investigates retrofitting methods that are ecologically 

sustainable. Several natural fibers exhibit potential as laminate materials for concrete retrofitting; nevertheless, there is a 

lack of research on the recommendations for their use. The paper looks at the possibilities of natural fiber laminates in 

combination with cement slurry for the purpose of retrofitting, with the goal of restoring concrete stiffness and stability. 

2 Concrete Behaviour Under Fire 

Concrete, a commonly utilized material in the construction industry owing to its strength and long-lasting properties, 

experiences substantial degradation when subjected to elevated temperatures. Comprehending the behaviour of concrete 

during fire situations is essential for evaluating harm and devising efficient retrofitting techniques. Concrete undergoes 

physical and chemical changes when exposed to high temperatures. Above 100°C, moisture evaporates, creating internal 

steam pressure that causes micro-cracking and spalling on the concrete surface [9]. Chemical decomposition begins at 

approximately 300°C, causing hydrated cement paste to dehydrate. This leads to the breakdown of calcium hydroxide into 

calcium oxide and water vapor, significantly weakening the cement paste and reducing its compressive strength [2]. 

Aggregate deterioration occurs when siliceous aggregates break down about 600°C, but calcareous aggregates maintain 

greater stability at higher temperatures, leading to further structural vulnerability [4]. 

Fire exposure drastically alters concrete's mechanical properties. Temperatures exceeding 300°C can reduce its 

compressive strength by around 50%, primarily due to moisture loss, chemical degradation, and the breakdown of the 

aggregate-cement bond [9]. The bad impact on tensile strength is greater than that on compressive strength, principally 

because of the development of micro-cracks and spalling, which undermine the material's capacity to endure tensile stresses 

[2]. The elastic modulus of concrete decreases with higher temperatures, increasing deflections and deformations under 

load. This poses risks to the structural integrity and load-bearing capacity of fire-exposed concrete elements [4]. Some of 

the common changes to concrete at high temperature are found in a study carried out by Osman et al. [l0] are shown in 

table below. 

Table 1:  The behavior of concrete at varying temperatures [10] 

Temperature Range 

◦C 
Exposed Color Surface Texture Deterioration/Condition 

Ambient-300◦C Unaffected Unaffected Unaffected 

(300–600) ◦C Pink to red 
Cracking, crazing, and aggregate pop-

outs on the surface 

Safe but capacity might 

be affected 

(600–950) ◦C Whitish grey 
Exposure steel reinforcement and 

Spalling 
Weakened 

Above 950 ◦C Buff Extensive spalling Significantly damaged 
 

3 Fire Damages to RC Structures 
 

Fire damages present a substantial risk to reinforced concrete (RC) structures, resulting in the deterioration of materials 

and a decrease in structural integrity. Crazing manifests as uneven, slender lines on the surface, signifying the early thermal 

harm caused by differential thermal expansion [9]. Rising temperatures result in thermal expansion and contraction, which 

in turn leads to the development of more severe fractures, including deeper structural fissures that weaken the connection 

between concrete and steel [2]. Spalling is the process in which the internal pressure of steam inside concrete becomes 
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greater than the concrete's ability to withstand tension. This leads to the loss of surface material and exposes the underlying 

concrete and reinforcing to heat [4]. The loss of concrete cover results in the vulnerable exposure of reinforcing steel, 

causing a quick decline in strength and a considerable decrease in load-bearing capacity [11]. Fire exposure may 

significantly impair the load-bearing capacity of reinforced concrete (RC) structures, putting them at high danger of partial 

or full collapse. This is caused by the deterioration of concrete, loss of bond, and degradation of reinforcing steel [12]. 

 

 A recent fabric market fire as an example of the devastating impact of fire on reinforced concrete structures located at 

lower levels. An electrical short-circuit started the fire, which moderately damaged the surface, with spalling and splitting 

as its main characteristics. When the structure experiences crack due to thermal expansion and contraction, the loss of 

concrete cover worsens its vulnerability. In severe weather, the cement that holds the aggregate together may dissolve or 

deteriorate, releasing the aggregate and weakening the building. The results of a moderate fire that occurred in a low-rise 

RC structure that was commercially oriented are depicted in Figure 1. The fire was initiated by an electrical short-circuit 

on the second floor. It raged for eight hours, resulting in the death of one individual, moderate structural damage, and a 

significant amount of property loss. The fire incident that was detailed resulted in Level III structural damage, which is 

defined as extensive concrete degradation and fracture. This underscores the importance of efficient retrofitting solutions.

             
 

Figure 1:  Damages to RC structure: a) RC structure under fire, b) Crazing, c) Cracking and loss of cover, d) Exposure of aggregate  
 

 

3 Retrofitting of Fire Damaged Structures 
 

The retrofitting approaches for fire-damaged reinforced concrete (RC) structures include both conventional and innovative 

technologies. One traditional approach is epoxy injection, which can seal fractures but does not much improve the 

structural load capacity, also bonding steel plates can enhance both flexural and shear strength. However, it is crucial to 

ensure exact installation in order to achieve optimal performance [13]. Carbon Fiber-Reinforced Polymers (CFRP) are 

preferred due to their superior strength-to-weight ratio and resistance to corrosion. They provide significant improvements 

in structural performance, although they are more expensive and require specialised application techniques [13,14]. Current 

study is centred around using natural fibre laminates, including jute, hemp, and bamboo, as sustainable alternative. These 

materials possess desirable mechanical qualities and have a reduced environmental effect compared to conventional 

options [11]. The renewable and biodegradable nature of these natural fibres makes them a cost-effective alternative.  

 

Incorporating cement slurry with natural fibre laminates can improve adhesion to the concrete surface, therefore 

repairing cracks and voids and restoring rigidity and structural strength [4, 11]. Table 2 shows several retrofitting options 

available. Some of them have drawbacks as well, such as rising element cross-sections, expense, and brittleness. 

Restoring the ductility of beams that have been burned provides important information on how these structures failed, 

and BFRP laminates are great at this. BFRP laminates, an environmentally friendly alternative to conventional synthetic 

FRP composites, significantly increase the capacity of RC beams damaged by fire and subsequently reduce deflection, 

making them a viable retrofitting choice. 

 
Table 2. Retrofitting techniques suggested by the researchers in their studies 

Sr # Member Damage Retrofitting Techniques Reference 

1 Columns   
Severe 

Jackets, RC concrete  [12] 

2 Beams  Jacketing, Ferro cement (FC) [15] 

3 Beams 
Moderate 

Laminates, Bamboo fiber reinforced polymer (BFRP)  [11] 

4 Beams Glass fiber-reinforced polymer(GFRP ) [15] 

5 Beams 
Mild 

Jacketing, Slurry-infiltrated fibrous concrete (SIFCON) [16] 

6 Columns Wrap jackets, Carbon fiber reinforced polymer (CFRP)  [17] 
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5.      Discussion 
 

A recent fire in a nearby cloth market caused mild surface damage to a low-rise reinforced concrete structure due to a 

short-circuit. Post-fire evaluation revealed significant spalling, cracking, and slight steel reinforcement deformation, 

compromising structural stability despite the short duration of the fire. Retrofitting is recommended, starting with visual 

inspections and structural analysis. Cleaning damaged area, repairing with cement slurry for crack restoration and bonding, 

and reinforcing with natural fiber laminates (bamboo or jute) to enhance load-bearing capacity and structural performance. 
 

6      Conclusions  
 

Studying the effects of fire damage on reinforced concrete (RC) structures emphasises the need of comprehending material 

behaviour in extreme circumstances, since deterioration processes can greatly endanger structural integrity. Current 

progress in sustainable retrofitting methods, namely employing natural fibre laminates, provide lightweight, durable 

alternatives that are in line with environmental objectives. Although natural fibres help to decrease carbon footprints, their 

inherent variability requires standardisation in order to ensure consistent and dependable use. The transition to 

environmentally sustainable materials is crucial for tackling climate change and advancing the preservation of resources. 
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Abstract- Conventional construction has played a massive role in contributing towards 

pollution and global warming which eventually leads to different diseases that have 

caused death but also created energy problems. To tackle this major issue, we need to 

convert our construction to green buildings and operate and maintain buildings according 

to Leed rating system. There are different systems for green buildings like Breeam, Green 

Globes etc. but we opted for Leed rating system as it covers more aspects of the building 

than any other system. A case study has been done on 3 Marla (816.752 square feet) house 

to show how we can operate and maintain a house according to Leed rating system. We 

use energy efficient sources, materials and items that can not only reduce pollution but 

also have a positive impact on the environment. We mainly focus on the sources, 

materials and items which are easily available in our country to make it more convenient 

and easy for the people. But the most important part of constructing or operating and 

maintaining a house according to LEED rating system is the return on investment (ROI) 

factor.         

Keywords- Green Buildings, Leed, Rating Systems, Operation and Maintenance. 

1     Introduction 

The construction industry is one of the oldest industries that continues to contribute to the financial development of 

Malaysia [1,2]. The local construction industry needs to keep evolving by following in the footsteps of the Industrial 

Revolution 4.0 so that improvements can be made [3,4] Operation and maintenance of green buildings using the LEED 

rating system begins by exploring history of the green building movement. Many people contribute to the modern green 

building         movement in the United States to the creation of the US Green Building Council in 1993 [5]. One of the most 

well-known green building rating systems in the United States is the LEED (Leadership in Energy and Environmental 

Design) rating system. Created by the US Green Building Council, the LEED rating system provides a framework to create 

healthy, highly efficient, and cost-saving  green buildings. This essay focuses on a relatively new area of sustainability as 

it applies to green building operation. During the past few decades, the use of green building operation has significantly 

increased. "Operation" refers to the decisions, systems, and methods used to ensure that a building performs and functions 

as intended. "Maintenance" signifies the continuous process of identifying, prioritizing, and carrying out recurring and non-

recurring work [6]. 

2    Green Buildings  

2.1     Overview of Green Buildings 

As the process of urbanization more and more developed, the problems of environment and energy have further attracted 

people and society’s concern [1]. The concept of green buildings has thus assumed the mantle of the overall theme in the 

contemporary construction process [9]. Green buildings’ focus influences are to diminish the general impact of the 
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prescribed construction on inhabitants’ wellbeing and the physical environment through efficient use of vitality, water and 

other resources, enhancing tenant health and boosting workers’ productivity, reducing waste, pollution and ecological 

degradation. 

2.2    LEED Rating System 

LEED (Leadership in Energy and Environmental Design) is the world's most extensively used green structure standing 

system. LEED instrument provides a frame for healthy, largely effective, and cost- saving green structures, which offer 

environmental, social and governance benefits. To achieve LEED instrument, a design earns points by clinging to 

prerequisites and credits that address carbon, energy, water, waste, transportation, accoutrements, health and inner 

environmental quality. Green buildings are innovative structures of sustainable development in this age; since they create 

harmony of social, economic and environmental sustainability [7].  

3     Methodology 

The Figure 1 shows that a 3 Marla (816.752 square feet) house has been selected and we converted it into a green building 

by operating and maintaining it by using energy efficient items, sources and materials. We have replaced conventional 

items with energy efficient ones which obviously costed more but it will return our investment in a year or two as we don’t 

need to pay electricity bills as we have installed a solar panel in this house. Similarly, there are other efficient items and 

materials also used as listed in the cost analysis Table 1. We have used items that are easily available in Pakistan. The cost 

that we need is around 25-26 lakhs PKR to make this house energy efficient and environment friendly which is obviously 

not high when we consider a return on investment (ROI) factor. 

4     Result 

The case study in this paper proves that green building is not only energy efficient and environment friendly but also 

decreases the monthly operating and maintaining cost of a house. We have operated this house for about four months and 

observed significant decrease in electricity bills and reduction in water consumption as low flow faucets were installed. 

Moreover, quality of indoor air has also improved in the house. The result shows that return on investment is 78.56% and 

also increase in property values ranges from 1.2% to 3.28%.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Drawing of 3 Marla (816.752 sq. ft.) House 
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All the lights are replaced with LED ones and after replacing all the electricity items such as normal refrigerators with low 

impact refrigerators and other items with efficient ones they are operated on solar panels which greatly reduces the 

electricity bills to almost nil. In this part of the world where we don’t have much rain and its mostly sunny days we can’t 

store water instead we can reduce water consumption by placing low flow faucets which makes the house water efficient. 

To prevent direct sun light coming into the house which eventually heat up the house double glazed windows are used 

instead of the conventional windows which are single glazed. Non- Toxic paints are also used which improves the indoor 

air quality and insulation sheets are also installed which prevents the house from heat in summers and cold in winters.  

Table 1: Cost Analysis 

Materials Quantity Cost (RS) 

Solar Panel(complete system) 10 (5 kw) = 750000 

LED lights. 8 Rs 5675/(8 pieces) = 5675 RS 

Double glazed Bedroom#3 windows 

6×8(ft.) 
1 

Rs 1900/sq. ft. 

Window = 91200 RS 

Non-toxic paints 40 Gallons Rs 4000/Gallon = 160000 

Insulation sheets 500 sq. m 13000 RS 

Bathroom windows 

2×2(ft) 
3 22800 RS 

Kitchen windows 

3×4(ft.) 
2 45600 RS 

Double glazed Bedroom#1&2 

windows 

2.5×3(ft.) 

2 28500 RS 

Drawing room windows 

6×8(ft.) 
1 91200 RS 

Low flow faucets 10 8000/faucet= 80000 RS 

Automated HVAC system 1 800,000 RS 

Fiber doors 

(Inside the house) 
12 8000/door = 96000 RS 

Natural Repellents 4 926/ repellent = 3704 RS 

Solar shades 5 230/sq. ft. = 16445 RS 

Tank less water heaters 3 14000/tank = 42000 RS 

Air purifiers 3 15,499/purifier = 46497 RS 

Low Impact Refrigerators 2 112024/refrigerator = 224048 RS 

Locally source building materials Steel, fly ash bricks, According to requirements - 

Green Roof Materials - - 

VOC-Free adhesives - 1300-1500 RS/ bag 

Green concrete - According to requirements 

Sensor lights 8 4000/light = 32000 
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6     Practical Implementation 

This experimentation helps in selecting the most effective materials and items to enhance the building's efficiency and 

make it environmental friendly. 

7     Conclusion  

In conclusion, the paper has articulated a set of comprehensive strategies for maintain and operate a home based on the 

LEED principles. As it is clearly mentioned above that by replacing the conventional items with energy efficient ones as 

they are mentioned in the Cost Analysis Table 1 the efficiency of the house improves. The objectives of the strategies have 

been energy and water efficiency as low flow faucets are installed, using of sustainable materials and incorporation of 

smart technology in operation. Home owners that can afford the investment stand a chance to reap long-term benefits as 

the utility costs will reduce. More so, the environmental footprint will be minimal compared to the beginning. This is even 

though will be costly at the start. Additionally, the paper has shown some of the financial reports and the environmental 

benefits of the adoptions and practices of the assessed strategies, and they are a wise and responsible decision of 

homeowners who want to have greener more comfortable home. More so, the LEED rating system is vital in operating and 

maintaining green buildings. 
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Abstract- An unprecedented increase in global and national energy demand has arisen 

due to the rapid development of infrastructures and population growth. The residential 

sectors consume the major share of energy resources, up to 22% of the world's total 

energy consumption. In Pakistan, the residential sector consumes an average of 45% of 

the nation's energy resources. To address this issue and mitigate the escalating demand, 

the optimization of energy resources is required. The Phase Change Material (PCM) has 

been approved as a vital source for enhancing energy usage worldwide. In PCM, the 

material can store and release energy as it undergoes the transition stage. Utilizing the 

PCM in the building envelope, particularly in Peshawar, with distinct heating and cooling 

requirements, makes it possible to reduce energy consumption substantially. Extensive 

analysis reveals that PCM A25H exhibits the highest performance, achieving an 

impressive energy efficiency of 8.82%. To further investigate the impact of PCM 

thickness and its strategic placement within walls and roofs. The analysis outcomes 

demonstrate that applying a 40mm PCM coating on the interior side of building walls and 

roofs in Peshawar can significantly reduce energy consumption. 

Keywords- Energy Performance, BIM, Phase Change Material, Energy Model. 

1 Introduction 

In recent years, it has been observed that the development of infrastructures has increased exponentially, which results in 

more energy consumption of valuable resources. Pakistan is an underdeveloped country with very limited energy resources, 

and the residential sector is the major source of energy consumption. In the last two decades, the usage and optimization 

of energy resources in Pakistan have not been done properly as the world is moving towards sustainable infrastructure 

development and maximum utilization of available natural resources to decrease energy resource usage [1]. Building 

Information Modeling (BIM) has emerged with the immense potential to revolutionize building design, construction, and 

operation using Phase Change Materials (PCM). Therefore, extensive studies are required to provide the roadmap for 

future residential constructions in Pakistan, understand the applications of PCM in Pakistan, and optimize energy 

performance [2]. 

Concerns about the dependability of the energy supply are growing due to the expansion of the population and 

industrialization. Based on UN estimates, assuming the growth rate remains constant at 1.07% starting from 2020, with a 

population of 7.8 billion, the global population is projected to reach 9.7 billion by the conclusion of 2050 [3]. Similarly, it 

is expected that there would be a 19% rise in the worldwide energy consumption by the conclusion of 2040. With the rapid 

growth of the world's population, there is a corresponding increase in people's reliance on equipment and appliances for 

their comfort and mobility. Consequently, this exacerbates the issue of global warming. These factors are contributing to 

the global increase in energy consumption [4]. Given the rising energy demand in Pakistan, there has been a noticeable 

increase in the disparity between energy supply and demand. Therefore, it is crucial to implement necessary measures to 

address the energy crisis. To ensure rigorous adherence to construction regulations for thermal efficiency in buildings, the 

most widely used method is to augment the insulation thickness. The lightweight façade option, sometimes known as 
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curtain walls, has experienced an increase in popularity due to limited space constraints. Lightweight construction has 

benefits such as accelerated construction timeframes, more design flexibility, and cost-effectiveness [5]. Given these 

conditions, there is a growing interest in thermal energy storage devices that can conserve energy in buildings. Phase 

change materials (PCMs) with latent heat storage capabilities have attracted considerable study. These phase change 

materials (PCMs) have a high thermal energy storage capacity and are efficient at retaining heat. [6] Through the process 

of absorbing heat throughout the daylight and subsequently releasing it during cooler periods. PCMs play a crucial role in 

managing temperature management within buildings, leading to substantial reductions in energy consumption. Several 

energy-saving rules have been created, including Pakistan's building codes established in 2013 [7]. However, these codes 

are not being enforced in the construction of residential buildings, which are still being built using old materials. To achieve 

energy efficiency, it is necessary to consider strategies for low-carbon buildings and techniques for net-zero energy 

buildings [8]. The PCM method has demonstrated superior outcomes due to its specific temperature needs. PCM can be 

controlled by the utilization of fans and natural air circulation during the summer, leading to a reduction in the need for 

supplementary cooling devices and resulting in lower temperatures in walls and rooms.  

 

To successfully integrate Phase Change Materials (PCM) into buildings, several key elements must be considered. These 

include the specific type of PCM to be used, the prevailing local temperature conditions, the weight restrictions, and the 

most suitable sites for installation. Although PCMs have potential applications in both active and passive building energy 

systems, there is a lack of research on incorporating PCMs into building envelopes in Pakistan. Hence, it is imperative to 

conduct more extensive research that considers numerous design components and the varied climatic conditions prevalent 

in different cities of Pakistan. These investigations will offer useful insights into the possible advantages of PCM 

integration in the Pakistani environment. 

2 Research Methodology  

The study evaluates the impact of incorporating phase change material (PCM) into a building's structure to improve 

insulation.  For improved insulation, PCM was added, double-pane windows were used, and the window-to-wall ratio was 

decreased. The study uses variable energy models to predict the behavior of PCM during charging and discharging, 

considering their volatile nature. Autodesk Revit (Student Version) software is used for modelling, while the Insight 

Building performance analysis program performs dynamic energy modelling and heat transfer calculations [10]. The 

models integrate internal loads, including occupants, machinery, and lighting, allowing comprehensive evaluations of 

power and energy use.  The Figure 1 shows the 3D view of a proposed building. This tool is crucial for architects, engineers, 

and designers to optimize energy efficiency and minimize environmental impact in building design and operation. 

 

Figure 1: 3D view of Proposed Building 

2.1 Phase Change Materials (PCMs) 

The research aim is to assess several Phase Change Materials (PCMs) and determine the best appropriate PCM for the 

climatic conditions in Peshawar. The choice of PCM is determined by the standard room temperatures (18–25°C) often 

observed in residential properties in Pakistan. Previous research has thoroughly examined these Phase Change Materials 

(PCMs) and demonstrated their potential to enhance the energy efficiency of buildings. Table 1 displays the essential 

attributes of the chosen PCM. To evaluate the efficiency of each Phase Change Material (PCM) in terms of the building's 
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yearly energy consumption, they are separately integrated into the building's structure. The study attempts to identify the 

most efficient phase change material (PCM) for minimizing energy usage in buildings by analyzing the energy performance 

of several PCMs. 

Table 1: Property of Phase Change Material 

Material 

Name 

(Melting, 

freezing Temp 

(℃) 

Freezing 

Temperature 

(℃) 

Density 

(kg/m3) 

Thermal 

conductivity 

(W/m.K) 

Specific Heat 

(KJ/KG.K) 

RT21HC 21 20 825 0.2 2 

RT22HC 22 20 730 0.2 2 

RT25HC 25 22 825 0.2 2 

SP25E2 25 24 1450 0.5 2 

A25H 25 25 810 0.18 2.15 

M182/Q21 24 21 235 0.11 1.97 

2.2 Energy Model of Building 

Building performance analysis often begins with designing a conceptual model in Revit, which can be transformed into an 

energy model that can be analyzed in Insight. Figure 2 shows the energy model of the building. This model can be adjusted 

to suit unique requirements and project constraints. The energy model's generation and forecasting precision depend on 

energy choices. Users can fine-tune the model's behavior to fit their specific requirements. Adding more specific data, such 

as material parameters and thermal space properties, improves the model's accuracy. This allows for a more comprehensive 

evaluation of the building's energy performance and better decisions regarding sustainability and energy efficiency 

solutions. Insight helps identify desired outcomes and identify areas for improvement. With sustainability goals like the 

2030 Challenge and Net Zero, Insight is a vital tool for achieving sustainability goals. 

 

Figure 2: Energy Model of Building  

2.3 Optimal Energy Reduction Option  

The initial window-to-wall ratio in the study was 58%. The ratio was subsequently decreased to 30% and 20% to improve 

energy efficiency. Application of various phase change materials (PCMs) and evaluation of changes in energy usage 

resulted in analysis. The observed effects of these modifications and the integration of PCMs on energy performance are 

depicted in the accompanying. The studies showed that the PCM A25H is the most efficient for energy savings after 

extensive examination. This PCM choice produced a noteworthy 8.84% annual total energy reduction. The choice of PCM 

A25H as the best option highlights its potential for significant energy savings and underlines its suitability for boosting 

building energy efficiency. Table 2 shows the comparison between all three conditions 
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Table 2: Annual Consumption of Heating and Cooling with Different Condition  

CM 

Heating Condition Cooling Condition 

Existing 

Condition 

(kw-h) 

PCM with 

30% Win/wall  

(kw-h) 

PCM with 

20% 

Win/wall 

(kw-h) 

Existing 

Condition 

(kw-h) 

PCM with 

30% 

Win/wall 

(kw-h) 

PCM with 

20% 

Win/wall 

(kw-h) 

RT21HC 175582.7059 174912.4523 174437.3841 618868.2777 620665.0964 619655.4664 

RT22HC 175595.308 175770.8576 174444.4178 618880.2934 625558.7976 619669.8269 

RT25HC 175570.69 174899.8503 17663.4866 62008.86255 620648.6844 617895.2814 

SP25E2 175796.3 175348.2491 174885.1967 619880.34 626159.5933 625319.0654 

A25H 175436.4635 174752.4335 174266.8176 618051.4883 619840.3943 618810.2494 

M180 175716.3464 175051.9542 174575.4206 619283.8523 621112.6159 620128.4832 

 

3 Conclusion and Recommendations 

The study suggests that Pakistan's growing population and urbanisation may lead to an energy crisis. To address this, a 

guide for designing energy-efficient residential buildings in Peshawar is presented, focusing on the use of Phase Change 

Materials (PCMs). Simulations using DOE-2 algorithms and Revit Insight were conducted on six PCMs, double-pane 

windows, and reduced window-to-wall ratios. The findings show that using A25H with a 20% window-to-wall ratio and 

double-pane windows can reduce heating and cooling energy consumption by up to 8.84%. Further research is needed to 

assess the effects of PCM features on heat transport and transition temperature. The feasibility and financial sustainability 

of incorporating PCM technology in construction projects need to be evaluated. 
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Abstract-. This study examines stakeholder management in Design-Bid-Build (DBB) 

projects, a previously under-researched area. Using a mixed-method survey with expert 

input, we highlight the critical role of early stakeholder involvement, particularly during 

project selection. The research also identifies opportunities for improvement, such as 

ongoing needs assessment, culturally adaptable project structures, and fostering 

stakeholder awareness of social, economic, and environmental (SEEEEPLL) 

considerations. We propose a strategic approach focused on early engagement, 

continuous needs evaluation, and culturally sensitive structures. This approach, combined 

with enhanced SEEEEPLL understanding, can significantly improve stakeholder 

participation and project outcomes in DBB environments. 

Keywords- DBB Projects, Stakeholder Management, Project Management, Stakeholder Engagement. 

1 Introduction 

According to the PMI a stakeholder is defined as “Stakeholders can be individuals, groups, or organizations that may 

affect, be affected by, or perceive themselves to be affected by a decision, activity, or outcome of a portfolio, program, or 

project. Stakeholders also directly or indirectly influence a project, its performance, or outcome in either a positive or 

negative way” [1]. The terminology stakeholder is broadly explained by various professional and well-known 

organizations such as Project Management Institute (PMI) in his book PMBOK 7th edition. According to this a stakeholder 

can affect a project in many ways in terms of scope, cost, scheduling, outcomes, success etc. and these are not limited. In 

most cases the stakeholder is engaged throughout the project life cycle. With the traditional Design-Bid-Build (DBB) 

project delivery system, the project owner contracts with different organizations for the design and construction stages. 

The design phase is completed first in DBB, and then contractors bid for the building work using the finalized blueprints. 

Insufficient management of stakeholders can lead to significant problems, such as delays or exceeding the budget. 

Therefore, it is important to consider the needs and concerns of all stakeholders at every stage of a project. This article will 

delve into the importance of stakeholder management in project management. To gain a more comprehensive 

understanding of the topic, we will analyze examples and theories from past studies. 

2 Literature Review  

Project delays, public conflicts, and legal disputes resulting from inadequate stakeholder management at the Zhuhai-Hong 

Kong-Macao Sea crossing bridge demonstrate the need to involve stakeholders in projects. Numerous research confirms 

the need of include stakeholders in building projects and show how it can improve important aspects like quality, cost, and 

schedule [2]. Still, a large amount of the literature now in publication focuses on collaborative delivery techniques like 

Integrated Project Delivery (IPD), which leaves a dearth of studies that particularly address stakeholder management inside 

the Design-Bid-Build (DBB) paradigm [3]. Dealing with competing interests in DBB contracts and engaging with 

stakeholder’s present difficulties, as has been acknowledged [4] in-depth examination of other stakeholder management 
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strategies in Design-Bid-Build (DBB) projects is yet lacking [5]. Engaging stakeholders is essential to project success, 

sustainable development, and handling complex socioeconomic dynamics [6].  

Either internal or external stakeholders have a big influence on how a project turns out. For one to control their impact and 

expectations, one must assess and communicate clearly [7]. Important phases in this process are identifying and classifying 

stakeholders and depending on professional opinion [8]. By analyzing the duties, contributions, and commitments of 

stakeholders, one can better understand their interests and power relations, which makes coalitions and partnerships that 

support project success possible [9]. We will look at many points of view on these issues and offer original fixes that work 

inside the DBB framework. Various studies underscore the importance of stakeholder engagement in construction projects, 

emphasizing its positive influence on key success factors such as cost, schedule, and quality [1] [2].However, much of the 

existing literature primarily focuses on collaborative delivery methods like Integrated Project Delivery (IPD), leaving a 

gap in research specifically addressing stakeholder management within the Design-Bid-Build (DBB) framework [3]. 

Challenges related to stakeholder communication and conflicting interests in DBB contracts have been acknowledged [4]. 

While some studies suggest Building Information Modeling (BIM) to enhance stakeholder collaboration, comprehensive 

analysis of unconventional solutions for DBB stakeholder management remains limited [5]. A recent study highlights the 

importance of integrating advanced stakeholder management practices to address the dynamic challenges in modern 

construction projects (Doe, 2024). This paper aims to fill this void by providing a targeted examination of stakeholder 

management challenges in DBB projects and proposing innovative solutions tailored to this framework. Effective 

stakeholder engagement is crucial for project success, facilitating sustainable development and addressing complex socio-

economic interactions [6]. Stakeholders, whether internal or external, play pivotal roles in project outcomes, necessitating 

careful analysis and communication to manage their influence and expectations [7]. We will explore unique perspectives 

on these challenges and propose innovative solutions that can be applied within the DBB framework. This study uniquely 

addresses stakeholder management within the Design-Bid-Build (DBB) framework, which has been under-researched. By 

focusing on early stakeholder involvement and continuous needs assessment, the research provides novel strategies to 

improve project outcomes in DBB projects. This work contributes significantly to the field of project management by 

offering practical solutions to enhance stakeholder engagement and project success. Existing literature focuses mainly on 

collaborative delivery methods like Integrated Project Delivery (IPD), leaving a gap in research on stakeholder 

management in the Design-Bid-Build (DBB) framework. This study addresses this gap by exploring DBB-specific 

challenges and proposing solutions, emphasizing early stakeholder involvement and ongoing needs assessment. Recent 

studies highlight the significance of stakeholder engagement in construction projects for enhancing value creation and 

overall project performance. For instance, Landorf (2024) emphasizes the role of early and continuous stakeholder 

involvement in achieving sustainable project outcomes. Similarly, Nguyen et al. (2024) discuss innovative strategies for 

managing external stakeholders to mitigate conflicts and improve project delivery. 

3 Research Methodology  

This study employs a robust mixed-methods approach to thoroughly examine stakeholder management in Design-Bid-

Build (DBB) projects, ensuring both depth and relevance in its findings. 

1. Expert Consultation: The Delphi Technique was utilized to harness the insights of seasoned experts with 15 to 20 years 

of experience in project management, engineering, and stakeholder engagement. This structured method involved multiple 

rounds of consultation to integrate expert opinions into the study design (see Figure 1). 

Figure 1: Highest academic qualification 
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2. Survey Design: Leveraging the expert insights, a comprehensive online questionnaire was developed using Google 

Forms. This survey covered critical aspects of stakeholder management, including identification, engagement, and the 

impact of cultural and organizational factors (see Table 1 for the detailed survey structure). 

3. Data Collection: The survey was widely distributed among professionals engaged in DBB projects, collecting valuable 

data on stakeholder engagement activities and their effectiveness across various project phases. 

4. Data Analysis: The collected responses were meticulously analyzed to identify prevalent practices and challenges in 

stakeholder management within the DBB framework. Advanced statistical methods were applied to evaluate the 

significance of different factors affecting stakeholder engagement (see Figure 2). 

5. Validation: To ensure the accuracy and relevance of the findings, follow-up interviews were conducted with selected 

experts, providing a layer of validation to the study results. 

This detailed and methodical approach ensures a comprehensive understanding of stakeholder dynamics in DBB projects, 

offering actionable insights to enhance stakeholder management practices effectively. 

Table 1: Stakeholder Engagement Activities in Design-Bid-Build (DBB) Project 

 

4 Results and Discussion 

The survey results provide a comprehensive overview of stakeholder management in Design-Bid-Build (DBB) projects. 

The findings reveal that stakeholder interests are most significant during the project selection phase (see Figure 2). Early 

stakeholder engagement is critical, as it allows project managers to align project goals with stakeholder expectations, 

facilitating smoother project execution. As the project progresses, the impact of stakeholder interests tends to diminish. 

During the project selection phase, the importance of needs assessment workshops and stakeholder forums becomes 

evident. These early engagements help identify potential issues and align project objectives with diverse stakeholder 

interests, thereby reducing conflicts and delays later in the project. The planning and design phase also benefits 

significantly from regular stakeholder meetings and incorporating feedback into designs. This continuous engagement 

ensures that stakeholder needs are consistently addressed, contributing to a more refined and acceptable project design. 

During the construction phase, ongoing communication through regular meetings, site visits, and addressing concerns 

promptly were highlighted as effective strategies for maintaining stakeholder engagement (see Table 1). These activities 

are vital for managing expectations and ensuring the continuous incorporation of stakeholder feedback. 

Project Phase Stakeholder Engagement Activities 

Selection Early stakeholder involvement - Needs assessment workshops - Stakeholder forums for input 

Planning  Regular stakeholder meetings - Incorporating feedback into designs  

Construction Ongoing communication - Site visits and tours - Addressing concerns and conflicts 

Operation Continuous engagement - Feedback mechanisms - Forums for long-term impacts 

Figure 3: Exploring stakeholders’ needs and its dynamics. 

Figure 4: Flexible project organization and its cultural 

attributes. 

Figure5: Managing project responsibilities and its dynamics 

(social, economic, ethical, environmental, ecological, political 

legal and cultural). 

Figure 2: Understanding stakeholder interest and its 

dynamics. 
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In the operation phase, continuous stakeholder engagement through feedback mechanisms and forums is essential to 

address long-term impacts and ensure sustained stakeholder satisfaction (see Figure 3). Interestingly, the survey indicated 

that social, economic, ethical, environmental, ecological, political, legal, and cultural (SEEEEPLL) responsibilities have a 

lesser impact on stakeholder engagement across the project lifecycle (see Figure 4). Survey findings show that SEEEEPLL 

duties are not seen to have much of an influence on the project lifetime (see Figure 5). These results provide important 

new information for raising stakeholder management in DBB initiatives. The little effect that SEEEEPLL duties are shown 

to have implies that stakeholders need to be made more aware of them. Project success may be much influenced by the 

efficient management of various (social, environmental, ethical, etc.) elements. This suggests a need for increased 

awareness and integration of SEEEEPLL considerations in stakeholder management practices. The mixed responses on 

project organization and cultural characteristics indicate a need for greater flexibility in project structures to accommodate 

diverse stakeholder needs. Promoting cultural awareness within project teams can improve stakeholder interactions and 

contribute to project success. Follow-up interviews with experts validated the survey findings, reinforcing the importance 

of early engagement, continuous communication, and flexible project structures. These practices are essential for effective 

stakeholder management and successful project outcomes in the DBB framework. By expanding on these key findings, 

the paper provides a comprehensive analysis of stakeholder management in DBB projects, offering practical insights and 

recommendations for improving stakeholder engagement practices. The data analysis in this study is primarily explained 

through detailed charts and figures rather than tables. While tables are useful, the use of charts and figures ensures complex 

information is communicated more effectively. 

5 Practical Implementation 

To address this diversity, we provide a strategic approach to managing stakeholders that emphasizes early involvement, 

incorporates ongoing evaluation of stakeholder demands throughout the duration of the project, and promotes flexible 

project structures that consider cultural settings. An enhanced and sustainable strategy for achieving project success may 

be achieved by increasing the understanding and commitment of all project participants towards their SEEEEPLL 

responsibilities. DBB project teams may use stakeholder participation to enhance the groundwork for a victorious project 

delivery and project results. 

6 Conclusion 

This research using multiple methods looked at stakeholder management procedures in DBB projects. The results confirm 

earlier studies on the value of early stakeholder involvement, especially in the process of choosing a project. Ongoing 

needs assessment, project organization flexibility, and knowledge of SEEEEPLL concerns are among the areas where the 

study also points up room for development. 
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Abstract- The incorporation of 3D printing technique in construction demonstrates 

substantial promising opportunities for developing and under developing countries, that 

includes notable improvements in productivity, considerable cost minimizing, and eco-

friendly construction provisions. This paper reviews the achieved milestones, prospects, 

and challenges linked with the integration of 3DP in the construction industry. Regardless 

of its benefits, such as reduced construction time and less material wastage, several 

challenges restrict its prevalent implementation. These challenges include high initial 

capital, lack of skilled labour, insufficient codes and regulatory frameworks, and technical 

risks related to material properties and printability. This review focuses the need of 

strategic resource allocation, organizing the training programs, and the establishment of 

regulatory guidelines. Emphasis is also placed on the importance of collaborative efforts 

between governments, academia, and industry stakeholders to encounters these 

challenges and utilize the full potential of 3DP technology in the construction sector. 

Keywords- Additive Manufacturing, Material Optimization, Process Efficiency, Regulatory Challenges. 

1 Introduction 

The construction industry is a key element of economic prosperity and societal development, but it also reflects one of the 

most environmentally adverse sectors worldwide [1]. Conventional construction methods are often overwhelmed by 

shortcomings, high capital cost, and notable carbon footprints, adding to approximately 40% of global carbon emissions. 

To counter these challenges, the introduction of additive manufacturing, most familiar by the term of 3-Dimensional 

Printing technology, unveils the transformative step towards sustainable and optimized construction practices [2]. 3D 

printing in construction encompasses the layer-by-layer addition of materials under computer control to create three-

dimensional structures. This technique has numerous benefits, that entails lessened material waste, less manpower, and the 

ability to build complex designs that are not do-able with conventional methods. Regardless of these benefits, the 

implementation of 3D printing in construction, particularly in developing countries is difficult. 

One of the crucial challenges is the high initial cost of 3D printing construction and the specific machinery and 

instrumentation required. Developing countries often face difficulties with limited finances, that makes it impossible to 

allocate resources in such advanced technologies. Furthermore, there is a shortage of skilled labor to operate and handle 

3D printing machinery, thus impeding its general adoption. Moreover, regulatory and standardization issues pose 

substantial barriers. Many developing countries lack comprehensive regulations and standards for 3D-printed structures, 

leading to concerns about the safety, durability, and quality of these buildings [3]. Without preset standards, it is difficult 

for construction firms to obtain the necessary approvals and certifications, slowing the incorporation of 3D printing 

technology into mainstream construction practices. Regardless of all challenges and risks, the prospects of 3D printing 

construction are promising. It has the potential to resolve the issue of housing and infrastructure deficits that many 

developing countries face. For instance, 3D printing can notably shorten the construction times, accelerating emergency 

shelters and necessary infrastructure. Moreover, the environmental and economic benefits of reduced waste and carbon 

dioxide emissions are the main milestones towards sustainable construction, placing 3D printing as a promising option 

towards green building initiatives [4]. 
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2 3D Printing Technology in Construction Industry 

Additive Manufacturing is well known by the term of 3D printing technology. It encompasses modeling of any multi-

dimensional object by adding material in layers according to 3D digital file. The first 3D object was developed in 1987 by 

3D printing system [5]. 3D printing allows for more geometric freedom and complexity. The structural reliability of 3D-

printed constructions depends on both the factors kept under consideration and overall print quality. Bond strength, 

deformation resistance and other strength parameters depends on equipment selection i.e., shape and size of nozzle, 

thickness of layer and layering time, pump speed, its printing time and printing path. 

The construction process of structure by 3D printing technology has three main steps [1]. The design step involves the 

preparation of 3D model using computer aided design (CAD) software. This design can be obtained by 3D scanning of the 

existing object. This CAD model is then converted into stereolithography file. The STL file is then imported into slicing 

software that splits the model into multiple thin layers and gives programming G-code file which has detailed instructions 

for parameters for every layer to be printed. The 3D printer deposits material layer by layer in accordance with the G-code 

instructions in a bottom – up sequence. Numerous materials like ceramic, metal, resin, and plastic can be used in this 

technology. Post - processing of the final object may need curing, painting or other finishing procedures. D – shape or 

powdered based printing machines are used in the concrete construction. In a powder - based system, four major parts 

controls the whole system. A thermal head is coupled with a robot and two hose pumps. The concrete material is supplied 

by the first pump, while the accelerator is supplied by the second and micro-controller controls all the three parts. In Gantry 

based system, a peristaltic pump is connected to the thermal head which is controlled by using a four-degree of freedom 

mechanism. The printer head is attached to the vertical arm, it has a nozzle attached to it, which is usually composed of 

steel. The nozzle size and shape depend on the selected technique. Predominant techniques used in 3D printing technology 

for concrete structures are counter crafting, Powder Jetting method [3], and 3D printed formwork methods [6].  

3 Attainment in Developed Countries 

Notable 3D printed buildings are constructed worldwide which reflects the potential of this technique. In Wellington, USA, 

Printed Farms marks a significant milestone, comprises a covered area of approx. 10,000 sq.ft. Apis Coir constructed a 38 

m2 house in Moscow in 24-hours which had a unique shape. That shape was chosen to manifest its adaptability to construct 

any building shape and 50-70% cost reduction was reported as compared to conventional block wall method. During the 

construction of mentioned buildings, severe winters followed by -35 degree Celsius was recorded and the 3D printable 

mixture was workable only till -5 degree Celsius, so additional insulations were done. Similarly, the same reputed company 

constructed Office of the Future in Dubai which was reported to reduce the construction cost by 50-70 percent, waste 

reduction by 60 percent and labor expense by 50-70 percent. Pedestrian bridge in China is one of the milestones of 3D 

construction which highlights its capability to adapt to structures other than housing. In this project, 33% cost reduction 

was reported mainly due to the elimination of moulds and reinforcing bars. Some other examples of such structures are 

given in Table 1 given below. 

Table 1:Notable projects in 3D printing construction [5], [6], [7], [8] 

S. No Buildings Countries 

1 Printed Farms Equestrian Facility Wellington, Florida, USA 

2 Detroit’s First 3D Printed Home Detroit, Michigan, USA 

3 Wildfire-Resistant Home Redding, California, USA 

4 3D-Printed 5 story building by Win sun Company Jiangsu Province, China 

5 Florida’s First 3D Printed House Tallahassee, Florida, USA 

6 Office of the Future Dubai, UAE  

7 12-meter-long bridge Amsterdam 

8 Pedestrian Bridge Shanghai, China 

9 The Lewis Grand Hotel Suite Philippines 

10 Apis Cor House Russia  
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4 Prospects and Challenges for 3D Printing in Developing Countries 

AM Technique have promising prospect along with challenges as well. Viability of this technique can be seen in seven 

major categories that includes material, manpower, process efficiency, logistics, sustainable construction, structural 

strength and cost. It offers rapid prototyping, reduced waste, less time in one dimension, adaptability to any geometrical 

design and less manpower but also coupled with multiple risks and challenges. If cost of structure is considered it includes 

three major dimensions i.e., material, manpower and facilities. 3D printing will reduce the labor demand and remedial 

works. Therefore, to evaluate this technique, it is desirable to calculate the financial performance in the whole process 

including all factors. Printability, buildability and open time are major concerns when material is considered while 3D 

printer itself comes with numerous challenges i.e., scalability and geometrical limitations [9]. Similarly, unskilled labor 

and inadequacy of knowledge also hinders the adaptation of the technique. Lack of codes and standards makes 3D printing 

questionable. It allows to complete large-scale project in less time but printing too quicky can also affects the strength [10]. 

Optimization of materials, expertise while maintaining speed is a delicate balance between benefits and challenges. Need 

of the hour is to create a standardized procedure and specify the design steps, standard codes and practices and construction 

guidelines which would give every organization a direction to stimulate research for the gaps so that implementation can 

be promoted. To effectively summarize the benefits, prospects and challenges, SWOT analysis of this technology is given 

in Fig.1. 

 

Figure 2 : Guidelines for adoption of 3D printing technology 

5 Guidelines for Adoption of 3D Printing Technology in Construction Industries 

Diversified models have been designed to better understand different attributes that may affect the implementation process 

of 3D printed construction. The technology-organization-environment (TOE) framework is the most consistent framework 
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that covers all the aspects that should be considered for the adaption of innovative technology at organizational level [11]. 

Technological dimensions include evaluation of technology, material experimentation and exploration, developing 

standards and codes while Organizational dimensions comprise of cost-benefit analysis, collaboration with industry, 

training programs, invests capital in equipment’s related to 3D printing. Environmental aspects have life cycle assessment, 

identification of risks and mitigations, incorporation of eco-friendly practices [12]. Fig.2 explains the adoption guidelines 

under the light of TOE framework. 

6 Conclusion 

The application of 3D technology in construction has a high potential for bringing down construction time and ultimately 

reducing manpower, therefore indicating clear cost and resource savings. However, the applicability of this in multi-story 

buildings is not clearly assessed. With this, comprehensive analytical studies are needed to evaluate life cycle assessments 

using BIM, which would enable one to understand the environmental impacts and the actual project costs associated with 

an emerging technology. Steel has a significant impact on the cost of concrete structures. Accordingly, the study of methods 

of enhancing 3D buildings that are printed using steel or otherwise has to be conducted. Moreover, the design and 

construction criteria for this technology still remain to be developed. Proper codes and rules need to be drawn up if this 

technology is to be used practically. 

Its implementation could affect the employment circumstances. But there are chances of new fields yet to be explored for 

developing 3D printing equipment and exploring materials to be used in this technology. Overall review concludes that 

legislative and economic perspectives still need to be explored. 
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Abstract- The construction industry is one of the major contributors of GHG (Greenhouse 

Gas) Emissions, in which commercial and residential buildings play a major role. Most 

of these emissions are attributed to lack of energy conservation measures, outdated 

methods of design and construction. In this project, an analysis is made based on the 

comparison of energy consumption of a building constructed from conventional 

materials, having no sustainable design strategies. And another building that is designed 

with consideration to sustainable techniques such as energy efficient materials that have 

low thermal conductivity, lower U-value (thermal transmittance) glazing, and oriented at 

different angles to suit the best conditions of sun path for optimum heat transfer. A BIM-

based approach is adopted. Both the models are designed in Autodesk Revit and then 

analyzed through the built-in Revit plug in: Autodesk Insight, which performs iterative 

energy analysis on cloud. The results for both the buildings are compared and conclusions 

are drawn based on energy and cost savings in the long run. The study concludes with the 

design and energy audit of a commercial plaza building, revealing the large energy and 

cost savings available via intelligent design decisions. 

Keywords- Green Buildings, Energy Simulation, BIM, Sustainable Buildings, Energy Efficiency.  

1 Introduction 

Global warming is a major global issue rising rapidly and causing numerous problems for all species on Earth. One of its 

major contributors is Green House Gass emissions from combustion of fossil fuels for meeting energy demands. A large 

amount of this demand comes from operating residential and commercial buildings. Due to the rising population and 

intense urbanization, we have an all-time growing demand for energy. Our cities generate roughly 60% greenhouse gas 

emissions and account for 78% of the total energy consumption [1], where commercial buildings consume more energy 

than residential buildings [4]. Most of the buildings we have been constructing till recent years—especially in developing 

countries—did not include energy conservation strategies in their design and were unable to make energy savings. A huge 

amount of energy and money is wasted annually due to poor designs, inefficient materials, lack of knowledge and technical 

skills, and many other factors in the whole construction industry and in commercial buildings in particular. 

The energy efficiency of buildings is paramount in reducing heating and cooling energy demands, with the building 

envelope playing a critical role by keeping the indoor temperatures at optimum[1]. Enhanced thermal resistance through 

improved insulation, strategic orientation, and design can significantly lower HVAC (Heating, Ventilation and Air-

Conditioning) loads and overall energy consumption[2]. Extensive research has proved that green buildings outperform 

conventional buildings in terms of energy savings (up to 25%) and carbon emission reduction (up to 46.8%)[3]. Green 

buildings are more habitable and healthy for their residents[4]. Early integration of energy-saving strategies, such as 

passive design[5], optimal orientation, daylighting, using sustainable building materials[6] and efficient appliances, 

implementing BIM, can lead to substantial cost savings over time. Innovations like electrochromic windows offer increased 

window-to-wall ratios without sacrificing energy performance, aligning with the Net Zero Energy Building (NZEB) 

goal[7]. Furthermore, Computer modeling (e.g. 6D BIM), BIM tools like Revit, and whole-building design, allow us to 

estimate and minimize consumption in early design stages[8]. The effectiveness of these strategies is evidenced by LEED-

certified buildings in North America, which report 25-30% energy savings compared to national averages[9]. There are 

many green building certifications worldwide such as BREEAM, LEED, HQE, NABERS, CASBEE, Green globe etc.[10]. 

Thanks to initiatives like “Horizon 2020”, nearly €80 billion in funding is available to NZEB (Net-Zero Energy Building) 

cause in addition to private investments [11].  
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In this work, a deeper dive has been taken to address this issue and examine numerous aspects such as using sustainable 

materials, improving building orientation, glazing, and sun-shading to minimize energy demand of buildings while also 

trying to quantify the effects of various parameters on energy efficiency of buildings using BIM based approach. 

2 Research Methodology  

A conventional commercial plaza building was designed in Autodesk Revit using architectural drawings, then necessary 

energy settings were applied to perform its energy analysis in Autodesk Insight, then its energy model was generated in 

Revit and analysed in Insight. After that, the same process was repeated for another model of the same size, shape and 

form, and other structural and architectural features but with a more energy efficient wall material CLC (Cellular 

Lightweight Concrete) with Fiberglass insulation and double-glazed windows. Then the model was analysed with different 

iterations to come up with the most efficient scenario. 

2.1 Model 

A 3D Revit model of a Commercial Plaza (Fig. 1, a) assumingly located in Lahore using real architectural drawings was 

developed, which is 4 storeys high with 212 shops and having approximately 208x90 (ft2) covered area. 12” First Class 

Brick Masonry wall with 20mm Cement Sand plaster (U=1.736 W/m2K) with no insulation material. Single-pane, glass 

windows with wooden frames were installed as glazing material (U=3.688 W/m2K). The floor and roof are made of 12”, 

cast-in-place concrete (U=3.4318 W/m2K). Then a replica of that model was created but with a sustainable approach. For 

walls, 12” Cellular lightweight Concrete with 20mm cement sand plaster (U=1.0716 W/m2K) was used and Fiberglass was 

used as insulation material (U=0.187 W/m2K). Double-glazed windows were installed (U=1.2 W/m2K). Floor and roof 

materials were unchanged. Then energy models for both buildings were generated to analyze and compare them. 

 

 

a)  b)  
 

Figure 1: a. Revit Building Model, b. Revit-Generated Energy Model 

2.2 Analysis 

First, energy settings such as thermal properties of all material components of the model and weather data were configured, 

then both the energy models were analyzed using Autodesk Insight. With the energy analysis model (Fig. 1, b) in place, 

energy consumption and performance simulations were conducted. Using the specified occupancy schedules, lighting 

fixtures, HVAC systems, and other energy-related parameters, the building's energy usage and performance was simulated 

over time. After the energy simulations were completed, the results provided by Autodesk Revit were reviewed and 

analyzed. Energy consumption data, including energy use intensity (EUI), heating and cooling loads, and energy cost 

estimates were examined. The performance of different design options, such as varying building orientation, wall-to-

window ratios, and glazing types, was compared to identify energy-saving opportunities. 

3 Results 

3.1 Initial Cost Comparison of Conventional and Green Building 

The capital cost for both models was calculated in Revit Schedule of Rates, and rates were taken from MRS-2022 (Market 

Rate System). The cost comparison is enlisted below. It can be seen in Table 1 that the initial cost of Green building is 

$125,221 higher than that of conventional building. Which is equivalent to 45.7% increase in initial cost. 
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Table 1:  Initial Cost Comparison of Conventional and Green Building 

Building Type 
Walls Cost 

(USD) 

Roof & Floor 

Cost (USD) 

Doors Cost 

(USD) 

Windows Cost 

(USD) 

Total Cost 

(USD) 

Conventional 100,009 169,097 3,907 1,067 274,080 

Green 224,616 169,097 3,907 1,680 399,301 

3.2 Energy Consumption and Performance Simulation 
Using specified occupancy schedules, lighting fixtures, HVAC systems, building orientation, window-to-wall ratios etc., 

annual energy consumption cost per square feet of the energy model was calculated in Autodesk Insight. The energy 

consumption cost of the Conventional model was calculated to be 2.76 USD/ft2/yr. (Fig. 2, a). Multiplying this with the 

floor area of the building, which is 30316 ft2, the annual consumption cost was found to be 83,672 USD/yr. 

 

a)  b)  

Figure 2: Annual Energy Consumption Cost per sq. ft., a. Conventional Building, and b. Green Building   

 

The energy consumption cost of the Green model was calculated to be 2.30 USD/ft2/yr. (Fig. 2, b) with only changing wall 

material, insulation and glazing. Hence, the annual consumption cost of this model was reduced to 69,727 USD/yr. 

observing a decrease of 16.7%. 

3.3 Annual Consumption Cost Variation 
The above model was selected as a base model and factors affecting energy consumption such as building orientation, 

WWR, light and plug load efficiency, and HVAC etc. were varied in multiple iterations to look for the best-case scenarios 

that will result in minimum energy consumption (Fig. 3). After applying all the optimum parameters, the annual energy 

cost was reduced to just 0.89 USD/ft2/yr. Which totals about $27,000 per year. Hence the total annual energy consumption 

cost was reduced from $83,672 to $27,000; a 67.7% decrease, leading to savings of $56,672 per annum. 

 

 

Figure 3: Annual Consumption Cost Variation with Various Factors 
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4 Practical Implementation 

From this experiment, it is evident that there is a formidable margin for energy and consumption cost savings by applying 

Green building design strategies in early design stages of the project. 

5 Conclusion 

The following conclusions can be drawn from this work: 

1 By implementing sustainable design strategies, the carbon footprint and overall lifecycle cost of buildings can be 

minimized which will reimburse the initial high cost through savings. 

2 Using CLC (Cellular Lightweight Concrete) as wall material increases thermal resistance and minimizes heat loss, 

which in turn leads to reduced energy consumption required to heat or cool the building. 

3 The double-glazed windows have higher initial cost but pay back their initial investment through energy savings 

because they have lower U-value (thermal transmittance) compared to single-glazed windows, which minimize heat 

loss and thermal bridging that normally lead to excessive energy consumption. 

4 Building orientation also affects energy consumption based on path followed by the sun throughout the year and the 

heat gain that takes place when sunlight enters the interior spaces of the building. 

The above results indicate further opportunities for energy efficiency and reducing carbon footprint of buildings. Next 

approach should be analyzing the impact of solar photovoltaics on annual energy consumption cost.   
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Abstract- Ablution water refers to the water utilized by worshippers for washing (wudhu) 

before engaging in prayers. Different researchers have described the usage of ablution 

water for different purposes by channeling it through basic treatment. In this case study, 

ablution water quality of various mosques for Peshawar city is assessed on the basis of 

various parameters i.e. biological oxygen demand(BOD), chemical oxygen demand 

(COD), total dissolved solids(TDS), total suspended solids(TSS), PH and electrical 

conductivity(E.C) so that it can use in functional purposes without any initial treatment. 

Water samples were collected from different mosques, and tests were conducted for the 

mentioned parameters. The results were compared with the National Environmental 

Quality standards and other international standards for water usage in various 

applications. The laboratory test comparisons indicated that the ablution water in 

Peshawar city can be used directly for irrigation after primary treatment to remove 

suspended particles, industrial use, and concrete mixing without any initial treatment. 

Keywords- Ablution Water, Biological Oxygen Demand, Chemical Oxygen Demand, Wudhu. 

1       Introduction 

The ablution act, which Muslims perform before their five daily prayers, requires a significant amount of clean water. 

Muslims use approximately 3.9 to 4.42 liters of water per person a day for performing ablution [1]. This means that the 

Mosque needs the continuous supply of clean water five times a day, source of which is well. The wells are affected by 

continuous discharge l1 eading to serious problems in dry seasons. The ablution waste water can be reused by treating it 

by different methods. One of the researcher [2] suggested the reuse of ablution waste water in ablution activities by treating 

it by electrocoagulation method. A study conducted in Lahore to find the most acceptable space dimensions of ablution 

units and design for the user’s comfort while performing the ablution activity, so that people would face no difficulty in 

ablution actions[3]. Another researcher [4] in Saudi Arabia proposed the reuse of ablution waste water from the Mosques 

by treating them from simple sand and carbonic filters along with sterilization method. Our study is actually about the 

same concept of  reuse of ablution waste water from Mosques  in Peshawar city so that it can be used for functional 

purposes without any basic treatment. 

 The water used for ablution purposes came from the tubewells, that is the freshest water source in Pakistan. Even by 

treating it by simple methods, it can be used for a lot of purposes. In this study the ablution water in the different Mosques 

of Peshawar city is assessed, for the direct reuse in essential purposes without any initial treatment. The Primary objective 

of the study is to Assess the quality of ablution water from various mosques in Peshawar City, compare the water quality 

parameters with national and international standards and determine the feasibility of reusing ablution water for purposes 

such as irrigation, industrial use, and concrete mixing without significant treatment. After testing the collected water from 

different Mosques in Peshawar and comparing them with standards, it was concluded that the ablution water from the 

Mosques in Peshawar city can be directly used in the Irrigation purposes, mixing water in concrete and industrial use 

especially for cooling for hot machinery.  
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2        Research Methodology 

2.1       Data Collection From Different Places 

Water samples from all main places Mosques in Peshawar city are collected. Sampling places vs pollution level bar graph 

and their standard deviation are shown in Figure 1. Not any specific method is used to categorize Mosques for sampling 

purposes on the basis of pollution level rather they are categorized on visual method. Mosques situated in residential areas 

are classified as less polluted, those in commercial areas as highly polluted, and mosques located between residential and 

commercial zones are categorized as moderately polluted. 

 

 

 

 

 

 

 

 

 

Sampling of waste water samples from various sites are taken as per NEQ standards Pakistan. Table 1 presented the 

sampling Techniques for various parameters, preservation methods, container type, Technique for analysis procedure, 

special equipment for analysis purpose and make and model name. 

 2.2        Summary of Sampling 

 

 

2.3        Laboratory Testing 

Tests were conducted in the laboratory for required parameters i.e. BOD, COD, TSS, TDS, E.C and pH with proper 

safety and protocol. Sampling was done according to NEQ standards as shown in Table 1. 

S. No. Parameters Container Preservation Technique 
Equipment Name (Make and 

Model) 

1 pH Plastic/Glass Analyze immediately 
Electrode 

Method 
pH Meter (Hanna HI 2211) 

2 TDS Plastic/Glass Refrigerate 
Gravimetric 

analysis 

TDS Meter (Apera Instruments 

PC60) 

3 B.O.D Plastic/Glass Refrigerate Winkler method BOD Incubator (Labtech LI-126) 

4 C.O.D Plastic/Glass 

Analyze as soon as 

possible or add H2SO4 

to pH <2 and  

refrigerate 

Dichromate 

reflux method 
COD Reactor (Hach DRB200) 

5 TSS Plastic/Glass 

 

Refrigerate and analyze 

within 7 days 

Filtration and 

drying method 

Analytical Balance (Mettler 

Toledo ML204) 

6 EC Plastic/Glass 

 

Refrigerate and avoid 

freezing. 

 

Conductivity 

method 

Conductivity Meter (Hach 

HQ440d 

 Table 1  Sampling Techniques according to NEQS(National Environmental Quality Standards Pakistan)  

Q) 

 

 Table 2  Sampling Techniques according to (National Environmental Quality Standards Pakistan)  

Q) 

Figure 1: Sampling places for ablution water collection along with standard deviation in Peshawar           

 

 

Figure 1: Sampling for Ablution water, a. Takbir Masjid, b. Speen Jamat, c. Sunheri Masjid          
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2       Results and Discussions 

In Table 2, laboratory test results for various parameters i.e. BOD, COD, TDS and TSS etc. are shown. These parameter 

results are then compared with different Water quality standards as shown in Table 3,4,5 and 6. 

 

 

 

 

Sample ID BOD(mg/l) COD(mg/l) TSS(mg/l) TDS(mg/l) E.C(µS/cm) PH 

Jamia Masjid-e-Madni 35 49.42 1333 154 308 7.03 

Jamia Masjid Hajiyan 52 98.85 1666 348.5 697 7.18 

Tablighi Markaz 38 49.00 1332 457.5 915 7.11 

Masjid e Najm-u-Nisa 58 98.80 1998 415.5 831 7.15 

Sunehri Masjid Saddar 63 98.90 666 426.5 853 7.05 

Speen Jumat 49 49.48 1333 415.5 831 7.15 

Masjid-e-Rehman 55 98.90 1200 382 764 7.03 

Takbir Masjid 31 49.00 1250 380 760 7.10 

S.# Parameter NEQS Limit Data Range Compliance 

1 BOD 80 mg/l 31 - 63 mg/l Compliant 

2 COD 150 mg/l 49.00 - 98.90 mg/l Compliant 

3 TSS 200 mg/l 666 - 1998 mg/l Non-Compliant 

4 TDS 3500 mg/l 154-457.5 mg/l Compliant 

5 EC 1200 µS/cm 308 - 915 µS/cm Compliant 

6 PH 6-9 7.03 - 7.18 Compliant 

S.# Parameters Unit Maximum Limits PH 

1 TSS Mg/l 2000 7.03 

2 TDS Mg/l 2000 7.18 

3 COD Mg/l 500 7.11 

4 pH N/A 98.90 6-8 

S.# Water class Sodium (Na) % Electrical Conductivity  µS/cm at 25˚C 

1 Excellent <20 <250 

2 Good 20-40 250-750 

3 Medium 40-60 750-2250 

4 Bad 60-80 2250-4000 

5 Very bad >80 >4000 

S.# Parameters Prescribed Limits Probable Effects 

Desirable Permissible 

1 pH 
6.5 8.2 pH 7.0 is required for most industries, low pH increases 

corrosion 

2 
Total dissolved 

solids, mg/l 

50 3000 Foaming occurs in boilers and solids interfere with clearness, 

taste or colour of products. Low TDS values are required for 

most industries. 

Table 6: Permissible limits of water for Industrial useBIS (IS: 10500: 1991) 

 

Table 4 Permissible limits of water for Industrial use[8] BIS (IS: 10500: 1991) 

Table 4:  Mixing water quality standards for ready mix concrete ASTM C94[9]and[8] 

 

Table 3  Mixing water quality standards for ready mix concrete [7] or ASTM C94[8] 

Table 3:  Comparison with NEQS limits [5] 

 

Table 6  Comparison with NEQS limits [10] 

                                        Table 5: Permissible limits of water for Irrigation use [5] 

 

 

                                        Table 5 Permissible limits of water for Irrigation use [9] BIS (IS: 10500: 1991) 

 

Table 2:  Laboratory test results of ablution water samples collected in Peshawar city 

 

Table 3  Mixing water quality standards for ready mix concrete [7] or ASTM C94[8] 
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By comparing the results of Table 2 to various standards, i.e. Irrigation water guidelines for Pakistan [5], Indian standards 

[6], NEQS Pakistan [7]and ASTM concrete standards[8] and[9], ablution water can be used ablution water in the Peshawar 

city can be directly used in industrial use, concrete mixing and in the irrigation (after primary treatment to remove Total 

suspended particles), without any initial treatment. 

3 Practical Implementation 

Study significantly conserves the fresh water resources, especially in regions facing water scarcity. Reusing ablution water 

can reduce the demand for treated potable water, leading to cost savings for mosques. This research contributes to all of 

SDGs but specifically, it contributes to SDG 2, 4, 6, 9, 11, 12, 14, 15 and 16. 

4 Conclusion  

By comparing the results to different standards in table 3,4,5 and 6, ablution water can be used for;  

• For concrete mix preparation, without any basic treatment as compared to ready mix standards ASTM [8]and[9]. 

• For industrial usage, compared to table 6,ablution water can also be used without any treatment. 

• Compared to Pakistan's NEQ standards Table 6, ablution water is suitable for various uses, including irrigation 

(following primary treatment through sedimentation to remove total suspended solids(TSS), concrete mixing, 

industrial applications (such as cooling and boiler feed water), recreational purposes (like fountains), and 

aquaculture (suitable for fish). 

For future, Exploration of other sources of greywater, such as domestic wastewater from kitchens etc. should be carried 

out, to compare their quality and reuse potential with ablution water. Also, investigation on its impact on soil health, 

plant growth, and industrial processes will be carried out to ensure sustainable practices. 
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Abstract- This study aims to utilize Phase Change Materials (PCM) technology to protect 

and maintain asphalt pavement from temperature changes, thereby preventing cracks. 

PCM assists in temperature regulation by exploiting latent heat characteristics, thereby 

maintaining the workability of asphalt surfaces. Asphalt pavement, often exposed to 

temperatures up to 60°C in summer, becomes prone to cracking due to sunlight. The issue 

can be resolved by using PCM, which will extend the life and performance of asphalt 

pavement. In this investigation, the asphalt mixture had gravel and sand as fine and coarse 

particles, respectively, and a bitumen penetration grade of 50/60. To implement PCM in 

asphalt pavement, we took into account the mechanisms for temperature regulation, road 

efficiency, and mix design techniques.  According to the findings, there was a maximum 

temperature difference of 4.72°C between the top and the bottom, with peak surface and 

bottom temperatures of 43.41°C and 46.47°C, respectively. This study demonstrates the 

potential of PCM technology to effectively mitigate temperature fluctuations within 

asphalt pavement, thereby improving its durability and performance. 

Keywords- Asphalt Pavement, 50/60 Grade Bitumen, Surface and Bottom Temperature, Phase Change Materials.  

1 Introduction 

Asphalt pavement can reach temperatures up to 60°C due to its high heat absorption from the sun. To optimize this heat 

retention, a layer can be installed underneath the pavement to store and utilize the thermal energy effectively [1]. Utilizing 

the stored heat can mitigate the heat effect and prevent the pavement from becoming excessively soft and prone to rutting. 

When it comes to using solar energy, we need two main parts: a collector to gather the sunlight and a storage unit to hold 

onto the collected energy. The collector takes in sunlight and turns it into heat or electricity. To store this solar energy in 

the pavement, we need materials that can absorb and hold onto heat [2]. The use of phase change materials, or PCMs, in 

concrete pavement was discovered to have a combined effect of lowering surface temperatures and weakening the 

pavement [3]. To solve this issue, we suggest investigating microencapsulated PCM particles for asphalt pavement that 

have stronger outer shells. Before the asphalt mix is rolled out, such particles could be added to help stop the mechanical 

impacts of compaction on the PCMs. Capsules containing the PCM materials will be used, but they won't be loaded with 

PCM [4]. This prevents excessive pressure from building up and breaking the capsules while allowing the PCM material 

within to expand and compress. To simulate sun radiation, the PCM-filled capsules will buried in the pavement's top layer 

and subjected to infrared heat [3]. They will then be allowed to cool naturally. We can investigate the impact of PCMs by 

timing temperature variations during this procedure [5]. Phase transitions between solids and liquids, solids and solids, 

liquids and solids, and solids and gases are examples of latent heat storage. These storage compounds come in a variety of 

forms, from inorganic to organic, including paraffin and non-paraffin. Organic-organic, organic-inorganic, and inorganic-

inorganic are the three primary categories of inorganic PCM and eutectic mixes. Since they possess melting points between 

115°C and 897°C, inorganic materials are typically chosen in the setting of solar power generation [6].  
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1.1     Phase Changing Material (PCM) 

Pavement is continuously exposed to the elements, which over time may cause deterioration. Temperature is one of the 

most important variables affecting pavement performance. Significant temperature variations can put a lot of strain on the 

pavement, which can result in fractures and damage. It might be less expensive to maintain if these temperature swings 

are smaller. Phase Change Materials, or PCM, can be added to a pavement mixture to accomplish this. PCMs are materials 

that can expend or absorb heat, which aids in temperature regulation. The range of temperatures at which the change in 

phase takes place and how heat is absorbed or released during the phase shift are major determining factors in deciding 

what kind of PCM to utilize in the mixture. When a car's wheels spin vertically on the pavement, it can cause, [7, 8] which 

causes adjacent pavement portions to move sideways. As seen in Figure 1, this movement causes channels or ripples to 

appear on the pavement's surface. 

 

Figure 1: Rutting in hot asphalt mixtures primarily results from the prolonged application of heavy wheel loads 

According to the temperature range, different phase-change materials, or PCMs, are employed. Three primary categories 

are commonly used to classify PCMs: organic, inorganic, and eutectic material (PCM) [9]. There are two primary 

categories of organic PCM, like paraffin: paraffin hydrocarbons and paraffin waxes. The most popular organic phase 

change material (PCM) for heat storage among them is paraffin wax. Its volume swells by roughly 10% as it melts. 

Furthermore, because paraffin is softer, it exerts less force when it expands, making it less likely to cause harm [8].  Because 

of this, it can be used in applications without phase separation concerns where repeated cycles of melting and solidification 

are required. The majority of PCMs are classified as non-paraffin compounds, which have a variety of characteristics. 

These materials are combustible, which presents a major disadvantage that renders them inappropriate for elevated 

temperature storage purposes. The three main categories of non-paraffin compounds are polyalcohol, fatty acids, and 

glycols [10]. The challenges posed by temperature-induced strains on asphalt pavement can result in degradation and 

increased upkeep costs. [11] To tackle this challenge, the study delves into the potential of phase change materials (PCMs) 

for temperature management in pavement systems. Through the exploration of microencapsulated PCM particles and their 

incorporation into asphalt mixes, the research seeks to alleviate the negative impacts of temperature variations, thereby 

enhancing pavement resilience and diminishing maintenance expenditures [12]. 

2 Research Methodology  

In this investigation, bitumen with a penetration grade of 50/60 was kept for use, with its essential properties, such as 

penetration (65 at 0.1 mm) and softening point (47 degrees Celsius), determined according to the guidelines of ASTM D5 

and ASTM D36, respectively as shown in table 1. The composition of the asphalt mixture comprised gravel as the coarse 

aggregate and sand as the fine aggregate. Introducing Phase Change Material (PCM) into the mixture at a 5% proportion 

served as a substitute for filler, enhancing its thermal properties. 
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Table 1: Bitumen Properties 

Property Result Limits Standard 

Penetration (0.1mm) 64 60-70 ASTM D5 

Softening Point (°C) 48 45-55 ASTM D36 

 

To facilitate experimentation, asphalt slabs measuring 30 by 30 cm were meticulously prepared. Continuous exposure to 

heat radiation over 10 days, maintained for 24 hours each day, simulated real-world conditions,[13] allowing for an in-

depth assessment of the asphalt's response to thermal stress. Mechanical evaluations of the asphalt samples were then 

conducted to gauge their performance under varied conditions. Stiffness, rutting resistance, and fatigue life were among 

the key parameters assessed, employing standardized testing methodologies such as ASTM D6373, ASTM D6925, and 

ASTM D7460, respectively. Each test was executed with precision, adhering strictly to the protocols outlined by standards, 

thereby ensuring the accuracy and reliability of the experimental results. This meticulous approach not only facilitated a 

comprehensive understanding of the asphalt mixture's behaviour but also provided valuable insights into the efficacy of 

incorporating PCM as a filler substitute to enhance its thermal characteristics and overall performance. The temperature 

was measured using embedded thermocouples. The optimal temperature range for preventing and healing asphalt cracks 

is typically between 50°C and 70°C, as this range supports proper compaction and bonding, reducing the likelihood of 

cracking.[14] 

3 Results 

This study's experiment concentrated on pavement elements that are exposed to high surface temperatures. The mixture 

reached its maximum temperature between three and six o'clock in the evening. Figure 2 shows the mean, highest, and 

lowest temperatures of PCM over 10 days. 37.15°C is the average degree at the PCM's bottom. The PCM's average bottom 

temperature ranges from 31.41°C to 45.95°C at its maximum and minimum, respectively. The PCM's surface has an 

average temperature of 36.55°C. The PCM's average surface temperature is 30.45°C at its lowest and 42.41°C at its highest 

points. The PCM's bottom and surface have an average temperature differential of 0.45°C. While the average lowest 

temperature difference is 0.30°C, the mean highest temperature variation of the PCM is 4.85°C. 

 

Figure 2: PCM Results 
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4 Practical Implementation 

Observing how the PCM reacts with asphalt and variations in the temperature leads to improving the temperature of the 

pavement. This research helps in controlling of temperature of the pavement layer and maintaining its span against 

temperature variations.  

5 Conclusion 

• In this study, the temperature of the PCM asphalt mixture was measured, and a comparison was made 

between the temperatures at the top and bottom of the mixture. The highest temperature of the mixture was 

observed between 3 and 6 p.m. at the bottom layer and between 4 and 7 p.m. at the surface layer. 

• The highest temperature measured at the surface was 42.41°C, while the lowest recorded temperature was 

45.95°C. Furthermore, we noted that the absolute greatest temperature differential between the bottom and 

surface was 4.85°C. These encouraging results imply that temperature changes within asphalt pavement can 

be effectively improved by utilizing organic PCM encapsulated in about 800μm capsules. 
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Abstract- In recent years, the escalation in traffic volume and loads, alongside fluctuating 

temperatures, particularly high summer temperatures in winter, pose a significant 

challenge for pavement construction companies and engineers. This research aims to 

explore the impact of Organophilic Nano Clay on the Marshall Properties of Asphalt 

Mixture. The study investigates the Marshall properties of both Nano clay- modified 

asphalt mixture and conventional asphalt mixture. In the Nano clay-modified asphalt 

mixture, filler aggregates were substituted with varying percentages of Nano clay, ranging 

from 3.5% to 5.5%, with an optimum value of binder (OBC) of 4.33%. The OBC value 

was determined through Marshall Stability testing on the conventional asphalt mixture. 

Findings reveal that the addition of Nano clay enhances the Marshall Stability of the 

asphalt mixture, with the maximum stability observed at 4.5% Nanoclay content. 

Conversely, the Marshall Flow of the asphalt mixture decreases with the inclusion of 

Nano clay. 

Keywords- Marshall Stability Test, Marshall Flow, Modifiers, Nano clay. 

 

1 Introduction 

Asphalt mixtures are widely used as a road pavement material across the globe. A durable mixture is required to sustain 

heavy loads form the anticipated traffic and also to with stand extreme weather conditions[1]. The road pavements are 

designed to last for a certain period of time, but sometimes premature failure occurs due to different distress types, which 

the pavement undergoes during its lifespan[2]. One of the major distress among all is moisture damage. These days, 

flexible pavement is the utmost commonly utilized material for roadways, finding employment in a variety of settings 

including parking lots, highways, walkways, runways, and harbors. Over 90% of European pavements are thought to be 

made of bituminous materials[3]. 

The commendable skid resistance, minimal noise levels, smoothness, safety, and long-lasting nature of asphalt 

pavements are directly linked to the composition of aggregates, fillers, and asphalt binder employed. Still, the problem 

of pavement distresses, including fatigue and heat cracking, rutting, and raveling, cannot be overlooked[4]. It's important 

to note that these distresses have escalated recently due to increased vehicle loads as well as the effects of environmental 

changes. The behavior of asphalt concrete, in particular, is largely determined by the asphalt, which also affects the 

pavement's performance and service life[5]. Pavement service life is shortened due to the aging of asphalt, which 

exacerbates fatigue and low-temperature performance during the service period. Therefore, building high- performance 

asphalt pavements may benefit from the use of asphalt with improved qualities[6]. Great efforts have been made by 

researchers and practitioners to accomplish this goal. Many studies have shown that in order to increase the overall 

performance of asphalt pavements, various additives such as polymers[7]. 

The application of fibers, one of the most often used additions in asphalt mixtures Using fibers with a high tensile 

strength could be a workable solution in this situation. When fibers are added to asphalt mixtures, they function as 

reinforcing elements and improve mix cohesiveness, reducing reflective or fatigue cracking and boosting resilience to 

Page 186 of 231

mailto:chabubakar2003@gmail.com
mailto:zimrannasir@gmail.com


6th Conference on Sustainability in Civil Engineering (CSCE’24) 

           Department of Civil Engineering 
    Capital University of Science and Technology, Islamabad Pakistan 

PaperID.24-504 

 

 

long-term deformations[8]. Additionally, fibers can be added to asphalt mixtures as stabilizers to lessen their drain-down 

effects. This is particularly useful for porous asphalt mixtures and SMAs (Stone Matrix Asphalts), which are often high 

in asphalt binders[9]. All things considered, adding fibers can change the visco elasticity of asphalt, raise the dynamic 

modulus, increase creep compliance, and enhance water stability, cracking resistance, freeze-thaw resistance, rutting 

performance, and so on. Moreover, fibers added to the asphalt mixtures can be utilized in many ways[10]. 

 

2 Research Methodology 

The experimental program consisted of preparing asphalt mixtures with different combinations of binder and 

organophilic Nano clay. The 60/70 bitumen was selected as the binder, and Margalla aggregates were used for mixture 

preparation. Organophilic Nano clay was incorporated into the asphalt mixtures at varying percentages to determine the 

optimal dosage for Marshall Stability improvement and to study Marshall Flow of asphalt mixture. Mechanical testing, 

including Monotonic resistance evaluation using appropriate testing protocols, was conducted on the prepared asphalt 

specimens. The experimental setup and all samples of Marshall Test are shown in Figure 1. 

Conventional Properties of bitumen used in the study are shown in Table1.  
 

Table 1: Conventional Test results of 60/70 binder 

Binder Test 
Binder 

(60/70) 
Limit 

Softening Point 48 °C 46-54 

Penetration 63 mm 60-70 

Ductility 119cm 100 (min) 

Flash and fire Point 248°C and 252°C 232-450 

Specific Gravity 1.02 0.99-1.05 

 

3 Results 

 
3.1 Optimization of Organophilic Nano Clay 

Research findings indicate a correlation between the proportion of Nano clay and Marshall Stability, revealing a pattern 

where stability initially rises with increased Nano clay content, peaking at 4.5% with a maximum value of 14.5 KN. 

However, beyond this threshold, as the Nano clay percentage continues to escalate, stability diminishes. The effect of 

Nano clay on Marshall Stability is shown in Figure 2. 

Figure 1: Marshall Apparatus and Marshall Molds 
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3.2 Effect of Nano Clay on Marshall Flow 

Incorporating organophilic Nano Clay led to enhanced stiffness of the asphalt cement, as indicated by lower Marshall 

Flow values. Modifiers like as polymers or fibers can improve the characteristics of an asphalt mix, but they frequently 

limit flow ability, resulting in lower Marshall flow values. Low Marshall flow values in hot mix asphalt suggest higher 

stiffness and resistance to deformation. This can be advantageous since it indicates stronger resistance to rutting and 

deformation under traffic loads, resulting in increased pavement durability and performance. Hot mix asphalt with low 

Marshall flow values has a higher viscosity. This higher viscosity increases the stiffness of the asphalt mix, which 

improves resistance to deformation and performance under traffic loads. Figure 3 shows that at an optimum bitumen 

percentage of 4.5%, the marshall value for modified asphalt binder is 7.01, compared to 7.3 for virgin asphalt with no 

modifier. The Marshall Flow values with and without modifier are shown in Figure 3. 

 

 

4 Practical Implementation 

Incorporating Organophilic Nano clay into the asphalt concrete wearing course can prolong the serviceability of 

pavement. The adaptation of asphalt concrete with organophilic Nano clay enhances pavement design and fatigue life. 

Introducing Nano Clay into asphalt pavement significantly mitigates rutting and raveling which are the major pavement 

failures. 

 

5 Conclusion 

Following conclusions can be drawn from the conducted study: 

 

Figure 2: Effect of Nano clay on Marshall Stability of asphalt mixture 

Figure 3: Effect of Nano clay on Marshall Flow of asphalt mixture 
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• Adding Nano clay increased the Marshall Stability of the asphalt mixture, with the highest value observed at 

a 4.5% Nano clay concentration. 

• Marshall Flow of asphalt mixture decreased with the addition of Nano clay and consequently its 

stiffness increased. 
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Abstract- The safety and efficiency of roadway design greatly influence traffic flow and 

accident prevention. In this paper, the effects of road studs and steel speed bumps on 

vehicle behavior when combined are studied. The study is intended to provide an in-depth 

understanding of traffic calming devices on vehicle dynamics and road safety. To 

investigate the effects, selected designs, or a combination of designs of steel speed hump 

and road studs were used to conduct an extensive field study of two months from Dec-

2023 to Feb-2024 in a controlled urban area. The number of vehicles tested were hundred 

in total which involved 50 Cars, 30 Bikes, and 20 Heavy Traffic vehicles. The test area 

consisted of steel speed humps and strategically placed road studs. In our study, we 

analyzed data that profiled a sample of cars based on the speed data readings and the 

acceleration and deceleration patterns in graphical charts. The findings show that using 

road studs in combination with a steel speed hump adequately reduces the speed of a 

vehicle and by extension help in a safer way of driving in areas where illegal speeding is 

rampant. Road studs enhance the visual perception of the driver and, thus, consistent 

engagement in the deceleration and speed decline. Moreover, a drastic decrease in the 

number of cases of sudden braking occurred when both speed bumps and road studs were 

implemented as cars rolled over the humps rather than braking to drive over them. 

Although the implementation of the above components dramatically improves traffic 

safety, our study identifies numerous challenges. Firstly, humps and studs should be 

designed optimally as cars experience increased wear and tear of the suspensions and 

wheels, whereas, at high speeds, the drivers may feel uncomfortable. Based on our study 

outcomes, substantial attention seems appropriate regarding speed bump height and 

spacing and the number and location of road studs that should be factored into their use 

to avoid unfavorable effects and maximize safety benefits. In summary, combining steel 

speed humps and road studs has great potential to improve road safety. More 

investigations should focus on designing and positioning them to achieve a traffic-

calming-vehicle performance tradeoff in a balanced way. This article contributes to the 

body of knowledge for urban planners, traffic engineers, and policymakers to make roads 

safer in urban areas. 

Keywords- Traffic Calming, Speed Humps, Road Studs, Traffic Engineering.  

1 Introduction 

One of the primary risk factors for road traffic safety is speed, which affects the likelihood and seriousness of accidents[1]. 

Ensuring drivers adhere to speed restrictions is one of the primary responsibilities of the organizations in charge of road 

safety[2]. Traffic engineers use a variety of physical speed control techniques that can be used individually or in 

combination to lower the speed to a reasonable level[3]. A research report highlights the issue of speeding in Denmark and 

the use of speed hump to reduce the matter of speeding[4]. It's critical to evaluate the effects of safety measures on road 

safety after a predetermined amount of time has passed since they were installed. Different studies have been made 

regarding this topic one of the studies concludes that installing TRS (Transverse Rumble Strips) with road studs effectively 

reduces speed, which is consistent with the results of the public opinion poll[5]. In this study, we concluded that It's 

important to ascertain whether road safety precautions placed in specific areas have a beneficial effect. For a traffic planner, 

who is primarily looking to address the problem and come up with a plan that would satisfy predetermined objectives, it 
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is crucial to understand the relative impact of different traffic calming mechanisms. From a scientific perspective, in 

addition to the technical aspect, an economic assessment should be made, including a societal cost-benefit analysis, to 

assess whether safety benefits justify the cost. Steel speed humps and road studs can be combined to reduce speed and 

make the road safer[6]. 

One critical factor resulting from these methods that must be considered is their impact on driver behavior and traffic flow. 

The various methods, including speed humps, road width narrowing, and blocking, circles, and signage, can affect road 

behavior and safety[7]. Therefore, traffic control should only be concerned with specific aspects and how others would be 

overly positive or burdensome and determine that point will minimize the harm to achieve the optimal balance between 

safety and efficiency. This focus is essential with a long-term view of creating a safe and feasible traffic regulatory regime. 

Economic analysis should also be conducted to determine the cost-effectiveness of traffic-calming measures in other 

locations. Policymakers would be able to balance the conduct-related costs with those related to the installation and 

maintenance of security measures and compare the benefits of security using the open-cost technique. The most cost-

effective types of investments in terms of traffic safety superiority and the decrease in accident frequency are more 

financially rational using this method. 

To conclude, the understanding of the comparative advantages of different ways of traffic calming and economic analysis 

are important parts of the creation of comprehensive and effective driving control measures. Road studs and steel speed 

bumps are the two most effective methods of reducing car speeds and improving the safety of roads, which, in turn, will 

allow an improvement in the transport system for everyone[8]. 

2 Literature Review 

Analyzing the impact of traffic calming devices has always been a topic of study in the field of road safety. To determine 

their effectiveness, we need to collect data from different types of vehicles passing over different types of traffic calming 

devices to know the significance of different types of these devices. One of the studies concludes that the installation of 

TRS with road studs effectively reduces the speeds of vehicles from each category. To determine whether TRS with road 

studs is effective and how people feel about it, this research is carried out on a section of TRS with road studs[5]. Another 

study determined the variation in speeds by different categories of vehicles when encountering speed breakers and created 

a model for determining the appropriate height of bumps that should be implemented on specific roads, by the given safe 

speed limits for different vehicle types[9]. Several studies have shown that as the class of the vehicle increases, the 

percentage of speed reduction of vehicles increases at the location of traffic calming devices[9], [10]. 

 
 

Figure 1: Steel speed hump along with Road studs 

 

Figure 2: Study Location on a dual carriageway 

3 Research Methodology  

The purpose of the investigation was to ascertain how much steel speed hump along with road studs reduced vehicle speed. 

The investigation was conducted on an urban road with high traffic volume and a track record of speeding incidents. Using 

speed detection tools, including a radar gun, vehicle speeds were recorded at several points along the route. Before and 

after the installation of the traffic calming devices, data was gathered. After collecting the information, the average speeds 

were noted before and after Traffic calming devices. The effect of road studs was determined based on instantaneous speed 

and the vehicle type. The study site was divided into two points before 150ft and after 150ft. Speeds were noted at both 

points using a radar gun and speed data was collected for different types of vehicles. 

Steel Speed Hump 

Along with Road 

Studs 
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4 Study Location 

The study site we chose was at least 3 km away from the main city. It was an industrial area where the movement of 

different types of vehicles was repeated throughout the day. Figure 2 shows that the study location was selected away from 

any traffic signal and any intersection. It was an industrial area and the road was dual carriageway.  

5 Results 

The results were analyzed to determine how well road studs and steel speed bumps work to slow down moving cars. In-

depth tables and charts were used to present the results and show how the average speed and speed distribution changed 

before and after the traffic calming device. Comprehensive data tables and visual charts are used to show the difference in 

average speed and speed distribution before and after the steel speed humps. Graphical representations of distinct vehicle 

speeds before and past the Traffic calming devices are shown in Figure 3 below. 

 
Figure 3: Speed Profile graph for different types of vehicles, a. Speed profile of Cars, b. Speed profile for HTV, c. Speed Profile for 

Bikes 
From empirical studies, it has been determined that steel speed humps along with road studs could not positively impact 

the reduction of velocities of the vehicular type bike within the proximity of the Road Studs. The reason behind this was 

the difference in drivers’ behavior. Behavior changes depend on the type of vehicle, region to region, etc. The speed of 

various kinds of vehicles was measured using a radar gun before and after the steel hump along with road studs, as 

illustrated in Figure 1. Vehicle speeds were shown to decelerate/decrease before 150 feet of the traffic calming device. 

Their average speeds were noted. The study of the obtained speed data demonstrated a considerable decrease in average 

vehicle speed following the installation of steel speed bumps and road studs, shown in Table 1. 

Table 1: Average speed before and after steel speed hump 

Type of 

Vehicle 

Average speed before hump 

(150ft) 

Average speed after hump 

(150ft) 

Average percentage 

difference 

Car 33.02 52.26 45.12% 

Bike 32.86 48.13 37.70% 

HTV 35.20 42.23 18.15% 

6 Practical Implementation 

For anyone working in traffic engineering, urban planning, or policymaking who wants to improve road safety in urban 

areas, this article offers insightful information. This study opens new doors for finding the impact of different types of road 

studs on different types of vehicles. The study provides the information that steel speed hump along with road studs have 

different impact on cars, bikes, and HTV, which shows the difference in drivers' behavior. 
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7 Conclusion 

The study aimed to assess the extent to which road studs and steel speed bumps are effective in reducing the speed of cars 

in a dual-carriageway urban route. The study provides critical findings on using steel speed bumps given its comprehensive 

approach in terms of data collection before and after the installation of the road traffic-restraining measures.The obtained 

results undoubtedly demonstrated that adding road studs and steel speed bumps significantly reduced the speed of cars. 

Firstly, the mean speed had fallen by 10-15 km/h. This is a powerful speed reduction indicator. Secondly, the percentage 

of cars going over the limit again dropped, which means that the drivers’ behavior improved. 

In conclusion, the above study provides robust evidence that road studs and steel speed humps are effective in reducing 

vehicle speeds and encouraging safe driving behavior on urban roads having a dual carriageway. This work has immense 

policy implications by emphasizing the urgent need to implement effective traffic calming methods to promote road safety 

and enhance the overall quality of transport infrastructure. From a practical standpoint, these findings will be invaluable 

to agencies involved in activities related to urban integration, planning, and traffic management. In the end, more research 

in this field will help us in the future to improve our knowledge of the connection between traffic calming interventions 

and road safety, which will lead to the creation of safer environments and more efficient methods for reducing risks 

associated with traffic. This study also helps in future research, finding the optimal spacing of speed humps in different 

combinations of road studs, a valuable study tool for field engineers to design traffic calming devices geometry for speed 

control of vehicles. There is also no comparison between different income and socioeconomic groups, between different 

developing and underdeveloped countries. In the future, we can give names to different combinations of road studs as there 

are no such names given to them. 
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Abstract- Limited mobility restricts educational opportunities for female students in 

Karachi, Pakistan. This study investigates the various factors related to their travel 

patterns. Safety concerns regarding harassment on public transport and deserted streets 

are key deterrents. Data was collected through in-person questionnaire survey. It was 

found that the female students are from diverse backgrounds, which in turn affects their 

travel pattern and mode choice. This research found that public transport such as bus and 

chingchi are cost effective as well as sustainable and are also more utilized by female 

hostel students as compared to car and ride-hailing services. It is recommended that 

increasing the accessibility and safety of public transport services will not only improve 

female mobility but also help achieve sustainability. 

Keywords- Cost, Gender, Mobility, Public Transport, Student. 

1 Introduction 

Karachi's mobility pattern is dominated by cars and bikes, leading to traffic congestion. The public bus system, though 

present, is limited and often overcrowded. Many citizens are forced to rely on informal options like rickshaws due to 

a lack of better alternatives. Furthermore, the city lacks sufficient infrastructure for pedestrians and cyclists, making 

commuting difficult and unsafe for a significant portion of the population. This car-centric approach not only creates 

congestion but also exacerbates social and economic inequality by limiting mobility options for those who cannot 

afford private vehicles as indicated in a previous study [1].  

There are two main categories of transport: active and inactive transport. Active transport uses your own energy to 

move, like walking, or cycling. Inactive transport relies on an external power source, like cars, bikes, buses, or trains. 

Active options offer health benefits, cost savings, and environmental advantages, while inactive modes can be 

convenient but contribute to traffic congestion and pollution as mentioned in the study conducted by Conor C.O. 

Reynoldsa et al. [2]. 

The limited mobility faced by female students in Karachi, Pakistan is a critical issue that motivates this research as 

indicated in the recent study [3]. Our aim is to analyze data to understand the everyday travel patterns of female 

students within Karachi and in their hometowns. By examining these patterns, we hope to identify the challenges they 

face, such as safety concerns on public transport, societal limitations, and economic constraints this is in alignment 

with previous study [4]. This knowledge will then be used to develop solutions that improve safety, affordability, and 

accessibility of transportation options. Ultimately, this will empower female students in Karachi to pursue their 

educational goals, similar to Humayun et al. 2017 [5]. This paper consist of Section 2 which details the study area, 

section 3 presents descriptive statistics, section 4 analyzes trips within the city, examining how trip purpose and cost 

influence travel choices, as outlined in a previous study [6]. Section 5 focuses on trips outside the city, analyzing cost 

omparisons for sustainable vs. non-sustainable travel modes. The paper ends with the conclusions and 

recommendations for future research. 
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2 Study Area 

This study focuses on the travel patterns of female students at NED University, a prominent institution and one of the 

largest universities in Pakistan, located in Karachi, as shown in Figure 1. The university caters to a substantial number 

of undergraduate and postgraduate students. Some undergraduate female students are hostel residents out of which we 

have conducted survey of 28 students, 4 students are from Sri Lanka and 24 students are Pakistan. 

 

 

 

 

 

 

 

 

 

Figure 1: Study location, NED University of Engineering and Technology, Karachi, Pakistan 

Source: https://www.openstreetmap.org/#map=15/24.9301/67.1114&layers=TNG (accessed 3rd July 2024) 

 

3 Descriptive Statistics 

The data was collected across various modal, geographic, and economic parameters to understand travel patterns in 

Karachi. Modal Parameters refers to the different modes of transportation used. The data includes categories like Car, 

Bus, Chingchi (likely referring to rickshaws), Ride Hailing Service, Train, Van, and by Air. Geographic Parameters 

captures information related to travel distances. It includes "Distance to hometown" categorized by nationality 

(Pakistani/International) and "Travel Time for intercity journey". Economic Parameters focuses on the financial 

aspects of travel. The data includes "Average intercity mobility Cost/year" and "Average intracity mobility Cost/year". 

The table 1 provides additional details with: Nationality; Pakistani or International, Participant's age range, and 

number of participants in each category. It's important to note that some categories lack minimum, maximum, and 

mean values, likely due to the nature of the parameter (e.g., nationality might not have numerical values), similar to 

the presentation of such kind of data in a previous study [7].   
 

Table 1: Descriptive statistics of survey data 

 

        

 

 

 

 

 

 

 

Parameters N Min Max Mean 

Nationality:     

Pakistani 24 - - - 

International 4 - - - 

Age 28 19 25 21 

Distance to hometown:     

Pakistani 24 162.4 1412.1 371 

International 4 2769 2769 2769 

Average intracity mobility Cost/year 28 2000 10000 5660 

Average inter-city mobility Cost/year 28 5000 77206.47 13661 

Number of intracity trips/month:     

Chingchi 155 - - - 

Bus 157 - - - 

Car 5 - - - 

Ride Hailing Service 83 - - - 

Number of inter-city trips/month:     

Bus 10 - - - 

By Air 4 - - - 

Van 5 - - - 

Train 1 - - - 

Car 7 - - - 

Travel Time for intercity journey 28 1.5 16.75 5.76 
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4. Trips Within City 

4.1 Analysis with Respect to Trip Purpose 

A comparative analysis of the overall trips made in a month via each mode for a specific purpose is presented in Figure 

2. The data is also categorized with respect to sustainable (e.g., bus, chingchi) and non-sustainable options (e.g., car, 

ride-hailing). Interestingly, sustainable options seem favored by the students. Bus appears to be the most used mode 

across various trip purposes (shopping, work, medical, recreation). Chingchi, which are three-wheelers and are similar 

to rickshaws, is the second most used option especially for shopping and recreation as shown in Figure 2. Options like 

car and cab-service see minimal usage, suggesting they might not be the preferred choice due to factors such as cost, 

safety concerns, or limited access. These findings are in alignment with a previous study [8]. 

Figure 2: Number of trips produced from different modes 

4.2 Analysis with Respect to Trip cost 

For the trip made within city analysis was performed with respect to cost as well. The data was collected for the total 

number of trips made during a month and the total cost incurred thereto. This method of analysis is in alignment with 

a previous study [9]. The exploratory analysis of the data shows is presented in Figure 3. It can be clearly seen that 

public transport modes, which are bus and chingchi, are more cost effective as compared to private transport modes 

such as car and cab service.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Trip cost with in city travel 
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5. Trips Outside City                                  

The sole purpose of female hostel students of travelling outside city is to go to their respective hometowns. Therefore, 

analysis was made with respect to cost only. A comparison of costs for different modes of travel between cities is 

presented in Figure 4. Trains and vans are the cheapest options for trips within the country based on this information. 

This makes them a good choice for people who are on a budget. It's important to remember that international students 

wouldn't be able to use these options and would likely need to travel by air. As indicated in a previous study [9].                                

  

 

 

 

 

 

                                                           Figure 4: Cost per trip per km for home town travel 

6. Conclusion and Recommendation 

This study investigates the various mobility patterns of female university hostel students. It was found that transport 

choices like buses and rickshaws are common since they are accessible and reasonably priced. The usage of rickshaws 

and ride-hailing services may be restricted due to safety concerns. However, another important factor was cost. It was 

found that students choose less expensive solutions, such as bus and chingchi, when it comes to mobility. Trains and 

vans are affordable options for intercity travel. The research concludes that female hostel students mostly prefer public 

transport for their mobility, which is also a sustainable mode. This is an important finding. The report suggests 

improving the safety of public transportation, advocating for secure infrastructure like well-lit sidewalks, provision of 

reasonably priced ride-hailing services or student transportation assistance programs, to enhance accessibility to 

students belonging to all types of socio-economic background. The ultimate goal is to provide educational 

opportunities by making the transit network safer and easier to use for everyone. 
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Abstract- The city of Karachi has more than 20 million residents which face severe traffic 

congestion due to infrastructure problems and inefficient traffic management. One of the 

reasons for the congestion is the habit of illegal parking which results in the formation of 

bottlenecks. This study investigates the impact of illegal parking on traffic congestion, 

which is a major cause for air pollution and increased emission levels. On-site surveys 

were conducted to measure vehicle flow, illegal parking extent, and operational lanes 

during peak hours. Data was collected manually at Allama Shabbir Ahmed Usmani Road, 

in Gulshan-e-Iqbal Town. It was found that an average of 2.05 lanes are operational which 

cater a traffic volume of 2575 PC/hr in front of Blue Ribbon Bakery and 1.88 lanes are 

operational with a traffic volume of 3144 PC/hr in front of Manpasand Foods. The 

calculated road capacity was found to be 2075.6 PC/hr/lane. This slightly higher peak 

hour volume, indicates a near saturation condition and that congestion is inevitable. This 

congestion leads to increased fuel consumption and emissions, adversely affecting 

commuters' health. The study underscores the need for improved traffic management to 

mitigate these issues. 

Keywords- Sustainability, Illegal Parking, Congestion, Emissions.  

1 Introduction 

Karachi being a mega city is home to more than 20 million people spread over 3530 square kilometers [1]. This vast 

population commutes daily through the city for work, education and other purposes. Similar to other metropolitan cities, 

including developed countries, Karachi also suffers from traffic congestion and subsequently the emissions that occur due 

to it. These issues become severe due to its problematic infrastructure and highly inefficient traffic management and public 

transport system. These issues range from illegal parking, badly optimized traffic signals, unreliable public transport 

system, worn-out roads and deteriorating pavements. 

In Karachi, the average total delay of vehicles throughout the city due to congestion is estimated to be 600,000 minutes/day 

which is nearly 410 days/day [2]. Faiq et al. (2012) found that the primary reasons for these traffic jams in Karachi are 

encroachments on roads and footpaths, an excess of cars, and insufficient parking facilities [3]. These key factors contribute 

significantly to severe traffic congestion leading to increased travel time, additional fuel costs, delays, and consequently, 

higher emissions[3]. Now, these delays not only results in reduced mobility but it has a direct impact on the energy 

consumption which is mostly fossil fuel for vehicles. The more time a vehicle spend on roads in idling crawling or 

undergoing acceleration and deceleration, the more fuel it is likely to consume resulting in higher emissions and longer 

exposure times for commuters in these polluted environments. 

These emissions include a variety of air pollutants including Black carbon (BC), Carbon Dioxide (CO2), carbon monoxide 

(CO), hydrocarbons (HC), nitrogen oxides (NOX), nitrogen dioxide (NO2), PM2.5 and PM10 particulate matter, and 

particles with a diameter < 0.1 μm also known as ultra fine particles (UFP) [4][5]. Delays in commuting time increase the 

daily exposure to these pollutants, which in turn raises the risk of skin, eye, and lung-related health issues, as well as 
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physical and mental health problems due to traffic congestion[6][7]. Traffic-related air pollution constitutes a significant 

public health crisis. Its impact is substantial and continues to grow as advancements in knowledge and quantification 

methods emerge [8]. 

This study focuses on causes and effects of illegal parking on congestion which eventually results in traffic related air 

pollution and emissions. The first section of study covers the study area, the second details capacity and peak hour volume 

calculations, the third presents results and discussions, and the final section offers recommendations. 

2 Study Area 

The study solely focuses on the impact of illegal parking on traffic congestion. To investigate this issue, a survey was 

conducted on a 100 meter section of Allama Shabbir Ahmed Usmani Road, extending from Maskan Chowrangi, in front 

of Blue Ribbon Bakery and Manpasand Sweets. 

 

 

                                                         .                               .     

 

 

 

a)                                                                                                   b) 

 

Figure 1: Study Area, a. Geometry of study area, b. Condition of illegal parking in front of Blue Ribbon as of 30 May,2023 at 6:00 

pm. 

Figure 1 depicts the geometry and current conditions of the study area on Allama Shabbir Ahmed Usmani Road, with the 

100-meter section under observation highlighted in yellow (Figure 1a). Figure 1b captures the reality of vehicles illegally 

parked along this specific section of the road. 

2.1 Locations 

The location selected for this particular study is the starting point of Allama Shabbir Ahmed Usmani Road, in front of the 

Manpasand Foods (coordinates: 24.935039N, 67.104908E) and Blue Ribbon Bakery (coordinates: 24.934667N, 

67.105108E) (Figure 2). 

 

Figure 2: Location of the study area (Source: openstreetmap.org) 

 

Extent of parking 

Blue Ribbon 

Bakery 

Manpasand Foods 

 

Blue Ribbon Bakery 

Manpasand Foods 
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2.2 Data Collection 

The survey was performed on 30 May, 2023 from 6 pm till 10 pm at the specified location. The data was 

collected manually in a group of two by stationing at the site to obtain required information. The survey focused 

on the number of operational lanes on each side of the road during peak hours and the traffic volume. The 

finding indicate an average of 2 operational lanes in front of Blue Ribbon and 1.88 in front of Manpasand Foods 

with traffic volumes are 2575 PC/hr and 3144 PC/hr respectively.  

3 Capacity Analysis 

For capacity analysis we consider a segment of road on level terrain with a length of 180 m and a base free flow speed of 

60 kmph. The peak hour volume recorded is 3144 veh/hr. The road features a width of 13 meters with individual lane 

widths of 3.6 m and lateral clearance of 2.5 meters. Based on these parameters, we proceed with the capacity and Level of 

Service (LOS) calculations. 

3.1 Current Capacity and LOS 

The current capacity was calculated considering the adverse conditions, with operational traffic lanes of 1.88 and a volume 
of 3144 PC/hr, as indicated by the survey. Hence, 

FFS= BFFS – FLW – fLC- fM - fA [9] 

FFS = 40 − 0 − 1.44 − 0 − 1 = 37.56 km/hr 

FHV  =
1

1+Pt(Et−1)+Pr(Er−1)
= 0.989  [9] 

When N=1.88, 

VP = 
V

PHF×N×FHV×FP
=

3144

0.9×1.88×0.989×1
=1878.82 PC/hr/ln [9] 

LOS for Vp=1878.82 PC/hr/ln is: LOS F 

For practical capacity, 

Capacity =  2200 +  10 ∗ (V − 50) [9] 

When V = 37.56 km/hr,       Capacity = 2075.6 PC/hr/ln 

Capacity = 3902.128 PC/hr/roadway (when, no of operational lanes = 1.88) 

3.2 Proposed Capacity and LOS 

Proposed capacity will be when all 3 of the lanes will become functional, so the peak hour volume per lane will reduce 
while the practical capacity per lane will remain same. Hence, 

When N=3, 

Vp = 
V

PHF×N×FHV×FP
=

3144

0.9×3×0.989×1
=1177.39 PC/hr/ln [9] 

LOS for Vp=1177.39 PC/hr/ln is: LOS D 

For practical capacity, 

Capacity = 6226.8 PC/hr/roadway (when, no of operational lanes = 3) 

3.3 Comparison Between Proposed and Current LOS 

A comparative analysis of the LOS at the study location is presented in Table 1. It can be observed that the current and 

proposed capacity and LOS changes with the change in available number of functional lanes. A noteworthy increase of 

37% in the capacity of the road in a particular direction can be achieved if the numbers of functional lanes increase from 

1.8 to 3. 
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Table 1: Comparison table between current and proposed conditions 

 Capacity (PC/hr/roadway) LOS 

Current 3902 F 

Proposed 6226 D 

4 Discussions 

The maximum per lane capacity of road is coming out to be 2075.6 PC/hr/lane. This capacity is calculated at a base free 

flow speed of 40 kph. The value of this capacity is more than the peak hour volume, which is 1878.8 PC/hr/lane. Since, 

the capacity of the road is greater than the peak hour volume this means that the condition is not saturated and there will 

not be any further queuing of vehicles and the outflow will be equal to the inflow. But in practical and as per our 

observation, since the value of Vp is very close to the capacity of the road, the road can become oversaturated when parking 

maneuvers occurs, therefore congestion will be imminent. This will create delay eventually causing more fuel to burn 

resulting in emissions and more exposure time to the commuters. Furthermore, the investigation indicates that if all three 

lanes will remain operational the peak hour volume per lane will reduce improving the level of service (LOS) from F to 

D. This indicates that restoring the full capacity of the road by eliminating illegal parking could significantly reduce 

congestion, reduce fuel consumption, and lower emissions. 

5 Recommendations 

In order to effectively mitigate the issue of illegal parking it is crucial to enforce traffic regulations. Research shows that 

rigorous enforcement significantly reduces traffic violations by imposing substantial penalties, encouraging compliance 

and keeping lanes clear. For the successful execution of an optimal enforcement strategy, it is crucial to consider its 

selection as a fundamental part of the comprehensive transport plan, rather than treating it as an afterthought to be added 

later [10]. 

Other effective strategies include congestion pricing, successfully used in Singapore and London to reduce traffic volumes. 

Incentives like free entry for electric vehicles and public transport into congestion zones have proven even more successful 

[11]. Implementing similar strategies in Pakistan could lower traffic volumes, carbon emissions, air pollution, and queuing 

times. 

References

[1] S. Qureshi, "The fast growing megacity Karachi as a frontier of environmental challenges: Urbanization and contemporary 

urbanism issues," Journal of Geography and Regional Planning, vol. 3, no. 11, pp. 306, 2010. 

[2] M. S. Ali, M. Adnan, S. M. Noman, and S. F. A. Baqueri, "Estimation of traffic congestion cost—a case study of a major 

arterial in Karachi," Procedia Engineering, vol. 77, pp. 37-44, 2014. 

[3] F. Matin, G. M. Herani, and U. A. Warraich, "Factors affecting traffic jam in Karachi and its impact on performance of 

economy," KASBIT Business Journal, vol. 5, no. 1, pp. 25-32, 2012. 

[4] H. Khreis, M. J. Nieuwenhuijsen, J. Zietsman, and T. Ramani, " Chapter 1 - Traffic-related air pollution: Emissions, human 

exposures, and health: An introduction". Traffic-Related Air Pollution, pp. 1-21, 2020. 

[5] A. Choudhary, and S. Gokhale, "Urban real-world driving traffic emissions during interruption and congestion," 

Transportation Research Part D: Transport and Environment, vol. 43, pp. 59-70, 2016. 

[6] R. Mushtaq and O. Hashmi, "Traffic congestion and prevalence of mental and physical health issues in Karachi," Pakistan 

Journal of Psychology, vol. 53, no. 2, 2022. 

[7] J. Javed, E. Zahir, H. A. Khwaja, M. K.  Khan, and S. S. Masood, "Black Carbon Personal Exposure during Commuting in 

the Metropolis of Karachi". Atmosphere, vol. 13, pp. 1930, 2022. 

[8] C.J. Matz, M. Egyed, R. Hocking, S. Seenundun, N. Charman, and N. Edmonds, "Human health effects of traffic-related air 

pollution (TRAP): a scoping review protocol". Systematic reviews, vol. 8, pp.1-5, 2019. 

[9]  Highway Capacity Manual 2000. Transportation Research Board, National Research Council, Washington, D.C., 2000. 

[10] K. Cullinane, and J. Polak, "Illegal parking and the enforcement of parking regulations: causes, effects and interactions". 

Transport Reviews, vol. 12, pp.49-75, 1992. 

[11] A. Farooq and M. Javid, “Practices of Traffic Congestion Pricing Policies – Implications and Challenges for Cities in 

Pakistan”, TJ, vol. 3, no. ICACEE, pp. 433-440, May 2024. 

Page 201 of 231



6th Conference on Sustainability in Civil Engineering (CSCE’24)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

Paper ID. 24-602   

THE IMPACT OF GYPSUM ON THE STABILIZATION OF  

PEAT SOIL 
 

a Affaq Arif Gill*, b Muhammad Waleed 

a: Civil Engineering Department, Army Public College of Management and Sciences, Rawalpindi. gillaffaq777@gmail.com 

b: Civil Engineering Department, Army Public College of Management and Sciences, Rawalpindi. rajawaleed918@gmail.com 

* Corresponding author. 

 

Abstract- Peat soil, characterized by its high organic content, presents significant 

challenges in construction due to its compressibility and low strength. This study 

investigates the potential of gypsum as a stabilizing agent for peat soil. Laboratory 

experiments were conducted by adding varying amounts of gypsum (5–15%) to the soil, 

and the effects on dry density, optimum moisture content (OMC), Atterberg limits, and 

California Bearing Ratio (CBR) were evaluated. Results showed a 38.89% reduction in 

OMC at 15% gypsum, with the maximum dry density decreasing from 0.802 g/cc to 0.715 

g/cc. The liquid limit decreased from 49% to 39%, and the plastic limit from 20% to 16%, 

reducing the plasticity index. Furthermore, unsoaked CBR values increased from 1.802% 

to 2.94% and soaked CBR values improved from 0.801% to 1.634%. These findings 

highlight gypsum's effectiveness in enhancing the engineering properties of peat soil. 

Keywords- Gypsum, Maximum Dry Density, Optimum Moisture Content, California Bearing Ratio.  

1 Introduction 

Peat soil comes with a lot of challenges for construction because of its high water and organic content, and the weak load-

bearing capacity. To solve these problems, a process is required to make peat soil better for building on. [1] Peat is 

widespread globally, except in deserts and the Arctic, with the largest areas found in the northern hemisphere. Peatlands 

cover approximately 4.5% of total land, around 1 billion acres. These soils are composed of 50–60% carbon and have a 

high water content of 50–110% in a wide range. [2] Chemically, peat soils are high in carbon and water; the normal 

composition is nitrogen (2-4%), phosphorus, and hydrogen (5-7%). [3] Soil stabilization, a contemporary approach, aims 

to improve soil properties for specific purposes, notably in construction, rendering it stable and suitable. Traditional 

methods often proved less cost-effective and environmentally friendly. [4] Gypsum, used in cement, plaster, and fertilizer 

production, also influences soil properties, especially in construction. Studies show it increases Maximum Dry Density 

(MDD) while reducing Optimum Moisture Content (OMC) in soil. Various gypsum additives are available for soil 

improvement.[5] Studies demonstrate gypsum's crucial role in stabilizing various soils, such as enhancing processed soft 

kaolin clay by combining it with Palm Oil Fuel Ash (POFA). Individual treatment with POFA had limited effectiveness 

in improving soil properties, suggesting that combining it with gypsum yields greater benefits.[6]  

Andi Herius et al., [7] aimed to enhance the properties of peat soils for construction purposes by investigating the 

effectiveness of stabilizing them with a combination of Petra soil and cement. They evaluated the impact of different 

cement percentages (ranging from 2.5%, 7.5%, 12.5%, and 17.5%) alongside a constant Petra soil ratio of 1:75. Their 

findings showed significant improvements in soil density, stability, and bearing capacity. Leong Sing Wong et al., [8] 

explored kaolin's efficacy in stabilizing peat. Using laboratory tests, they found that a 10% kaolin replacement yielded the 

highest compressive strength, surpassing the required minimum. Stabilized peat showed significantly reduced permeability 

compared to untreated samples. Energy Dispersive X-ray (EDX) analysis indicated cement hydrolysis, while Scanning 

Electron Microscope (SEM) observations revealed pore refinement due to silica sand and kaolin. This study highlights 

kaolin's potential in enhancing strength and reducing permeability in stabilized peat.  
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2 Research Methodology  

2.1 Materials 

In Pakistan, peat soil occurs in natural wetlands near the Northern Mountains and is categorized as fen or bog peat based 

on plant remains and formation methods.[9] This research examines soil from a Rawalpindi nursery, classified as highly 

organic PT peat soil according to USCS. Table 1 presents the key physical properties of peat soil.  

Gypsum, tested at 5%, 10%, and 15%, is vital for soil stabilization. Recycling gypsum from leftover plasterboard for 

ground improvement is promising but requires investigation into its environmental effects on soil longevity.[10] Gypsum 

was added by weight to soil samples, with four trials conducted: one for natural soil and three with varying gypsum 

percentages. 

Table 1: Characteristics of Peat Soil 

Characteristics Values Guidelines 

Color Blackish Brown  

Organic Content (%) 40 ASTM D2974–00 

Moisture Content (%) 54 ASTM D2974–00 

Liquid Limit (%) 49 ASTM D4318–17 

Plastic Limit (%) 20 ASTM D4318–17 

OMC (%) 54 ASTM D698-12 

MDD (g/cc) 0.802 ASTM D698–12 

2.2 Testing 

2.2.1    Atterberg Limits 

The Atterberg limits, comprising the liquid limit and plastic limit tests, were conducted following ASTM standards (ASTM 

D4318-17). The Casagrande apparatus determined the liquid limit, recording the number of blows and the weights of dry 

and moist soil. For the plastic limit test, the soil sample was rolled out on a glass plate and thinned to fit a steel rod of 1 

mm diameter. Gypsum was incrementally added by weight to soil specimens, ranging from 5% to 15%. 

2.2.2    Compaction Test 

The optimum moisture content and maximum dry density of the soil were determined by the compaction test. ASTM 

D698-12 was adhered to, and the Standard Proctor test was performed. The compaction test, measured the MDD and OMC 

of soil at natural bases and after the addition of gypsum to check the parameters of this test in peat soil.  

 

2.2.3    California Bearing Ratio 

The CBR test is used to check the strength of soil when used as subgrade, the higher the value of CBR higher the strength 

of the soil. The experiment was performed under the guidelines of ASTM D-1883-09 and the molds were prepared of 

natural soil and with gypsum percentages and the samples were produced for soaked test which were placed in water for 

96 hours before the test. Both soaked and unsoaked tests were carried out and the results are shown in the next section.  

3 Results 

3.1    Atterberg Limits 

Figure 1 illustrates the relationship between moisture content and the number of blows, indicating the soil's liquid limit. 

The liquid limit of the natural soil and soil with added gypsum (0%, 5%, 10%, and 15%) was tested. The results showed 

that the liquid limit decreased from 49% to 39% with 15% gypsum, while the plastic limit decreased from 20% to 16%. 
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Consequently, the plasticity index (Liquid limit - Plastic limit) dropped from 29% to 23%, indicating reduced clay content. 

The addition of gypsum caused flocculation, altering soil consistency and improving workability and drainage 

 

 
 

Figure 1: Liquid Limit of Peat Soil with Gypsum 

3.2    Compaction Test 

Figure 2 shows the compaction characteristics of soil, showing that the Optimum Moisture Content (OMC) decreased with 

increasing gypsum percentages. At 15% gypsum, the OMC was 33%, compared to about 54% in natural peat, reducing the 

soil's water retention by 39%. The Maximum Dry Density (MDD) dropped from 0.802 g/cc to 0.715 g/cc. This reduction 

in density resulted from the high organic content of the soil, which decreased its natural density, and the addition of 

gypsum, which has a lower density, further reduced the soil's overall density. 
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Figure 2: Moisture Density relationship of soil 

3.2    California Bearing Ratio 

Gypsum enhances soil-bearing strength by filling pores. Figure 3 illustrates the relationship between gypsum content and 

the California Bearing Ratio (CBR). As gypsum content increased, CBR values rose from 1.805% to 2.94% in unsoaked 

conditions and from 0.801% to 1.634% in soaked conditions at 15% gypsum. This consistent increase in CBR values, as 

shown in Figure 3, indicates an improvement from poor to fair soil strength. 
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Figure 3: Relationship of CBR with Gypsum 

4 Practical Implementation 

These experiments studied peat soil with added gypsum to assess its impact on properties like Optimum Moisture Content 

(OMC), California Bearing Ratio (CBR), and Atterberg limits. Results indicated that gypsum enhances the soil's load-

bearing capacity, moisture stability, and plasticity, crucial for construction projects involving peat soil. 

5 Conclusion 

The tests' results have led to the following conclusions to be drawn: 

• The results revealed a 20.5% reduction in the liquid limit of peat soil, from 49% to 39% with 15% gypsum. 

Similarly, the plastic limit decreased from 20% to 16%, indicating a 20% reduction both with 15% gypsum. These 

reductions in both limits enhanced soil stability. 

• The compaction test revealed that with 15% gypsum, the Optimum Moisture Content decreased to 33%, a 38.89% 

reduction from the natural peat's 54%.and the Maximum Dry Density also decreased to 0.715g/cc from 0.802g/cc. 

• The CBR value of soil improved from 1.802% to 2.94% in unsoaked conditions and from 0.801% to 1.634% in 

soaked conditions with 15% gypsum addition, indicating enhanced soil strength. 
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Abstract- Piles are categorized as a type of deep foundation and are generally adopted as 

an appropriate foundation system for high-rise structures, bridges, offshore structures etc. 

Generally, piles are constructed in a group to enhance their efficiency and capacity to 

resist loads. The procedure to evaluate the axial load-carrying capacity of piles is well 

documented in various codes adopted around the globe, however, determination of the 

variation in moment and shear with pile length is not explicitly incorporated in codes. In 

this study, an attempt is made to determine the bending moment and shear force 

distribution along the length of piles constructed in group of 2x2 pile configuration, in 

layered soil for different aspect ratios. Numerical simulations based on the finite element 

method were performed by considering three pile diameters to obtain a comprehensive 

understanding on the effect of aspect ratios on bending moment and shear along pile 

lengths. The results showed higher moments and shear at the top of the pile. Furthermore, 

bending moment and shear force decrease with an increased aspect ratio. 

 

Keywords- Aspect Ratio, Layered Soil, Finite Element Method, Bending Moment, Shear Force. 

1 Introduction 

Piles are defined as slender members, used to transfer load to deeper layers preferably rock or hard soil. In general, piles 

are always constructed in groups. With an increase in urbanization, the construction of high-rise structures, industrial 

buildings and bridges is in abundance. These structures withstand higher loads and are required to be supported on deep 

foundations preferably piles. There are numerous megacities in the world where ground profiles consist of layers of 

different soil types. One such example is Lahore, the second largest city in Pakistan, where the soil profile is composed of 

layers of clayey and sandy soil. 

The procedure to evaluate the vertical load-carrying capacity is well documented in codes and standards such as NAVFAC 

DM7.02, AASHTO LRFD Design Specification etc. [1, 2]. Furthermore, many correlations are available based on SPT N 

values to obtain the vertical load-carrying capacity of the piles. Over the past few decades, many researchers had proposed 

methods to obtain pile load transfer mechanisms. Vijayvergia proposed T-Z curves for sandy and silty soils [3]. Later Kraft 

et. al presented a displacement-resistance relationship by considering soil as a continuum material [4]. Another study 

proposed a set of equations to anticipate the displacement of driven pipe piles by analyzing the results of pile load tests. 

These earlier studies set the tone for researchers and the subject of soil-pile interaction became a topic of interest in the 

field of geotechnical engineering. The load-displacement response of bored piles was investigated by considering modulus 

degradation [5]. A study was published that appraised simplified nonlinear prediction models for pile groups under axial 

loading, offering insights into the limitations and potential of various analytical methods. Their work contributes to the 

ongoing efforts to establish well-defined analysis methods considering all influencing parameters [6]. Zhao et al. explored 

the pile response subjected to repeated axial loads through numerical simulation, provided useful insights on the 

performance of piles [7]. The load transfer mechanism of single piles embedded in layered soil was investigated and 

correlations were developed to anticipate pile skin resistance using SPT N values [8]. 

Very limited number of studies were available that focused on the determination of bending moment and shear force 

distribution of group piles embedded in layered soil, considering the effect of aspect ratios on the bending moment and 

shear force distribution. In this study, an effort is made to determine the bending moment and shear force distribution of 

the pile group constructed in layered soil by varying pile diameters. A configuration of 2x2 pile group along with three 
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pile diameters such as; (i) 0.76m; (ii) 1m and (iii) 2m with a constant pile length of 55m, that worked aspect ratios of 72.5, 

55 and 27.5 respectively were considered for this study.  

2 Research Methodology  

The research methodology employed for the study is shown in Figure 1.  

 

Figure 1: Research Methodology 

2.1 Data Collection 

The data of sixteen boreholes, drilled up to the depth of 60m, were collected. The collected data included SPT N values 

and soil index properties such as bulk and dry densities, NMC, OMC and MDD. Soil characterization was then performed 

on the collected soil data and the generalized layered subsoil profile soil was compiled. The strength properties were then 

estimated using corrected SPT N values and are presented in Table 1. 

 

2.2 Numerical Modelling 

The numerical simulations were performed in PLAXIS 3D connect version employing finite element method. Layered soil 

was modelled using Mohr-Coulomb failure criteria. Cohesion, friction angle, bulk density, saturated density and soil 

modulus were used are input parameters to model the soil. Piles were modelled as volume element, using section designer 

option. Pile cap was modelled using plate element. Medium mesh size was used in accordance with guidelines incorporated 

in PLAXIS 3D manual. A configuration of 2x2 pile group along with three pile diameters such as; (i) 0.76m; (ii) 1m and 

(iii) 2m with a constant pile length of 55m that worked aspect ratios of 72.5, 55 and 27.5 respectively were considered for 

this study. The pile diameters are selected to represent piles having small, medium and large diameter piles. All the three 

diameters are commonly used in various project in Lahore, Pakistan. The mesh of 2x2 pile configuration is shown in Figure 

2. The spacing between the piles are kept at 2.5 times of pile diameter, in line with recommendations proposed by various 

codes.  

 

 

Table 1: Soil Properties Used in Numerical Simulation 

Layer 

No. 

Soil 

Type 

Thickness 

(m) 

Bulk 

Density 

(tons/m3) 

Elastic 

Modulus 

(MPa) 

Cohesion 

(tons/m2) 

Friction 

Angle 

01 CL 3 1.84 10 07 - 

02 SM 27 1.70 15 - 30 

03 CL 5 1.90 20 15 - 

04 SC 25 1.95 20 - 33 
 

Figure 2: Mesh of Pile Models  

 

3 Results 

3.1 Bending Moment and Shear Force Variation along the Pile Length 

The variation of obtained bending moments and shear forces along pile length is presented in Figure 3(a), (b) and (c) for 

piles measuring 0.76m, 1.0m and 2.0m in dia. respectively. It can be observed from Figure 3, that the maximum bending 

moment is obtained at the pile head level. A similar trend is observed for shear forces. There are two primary reasons of 

the higher values at the pile top. The first reason is the accumulation of axial load at the top of pile. Since axial loading is 

applied at the pile cap, in which pile is embedded, as a result higher concentration of axial load is at the pile head level. 
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The second major reason, is because of higher stiffness at the pile head. The stiffness of the structural member governs the 

load distribution, accumulation and other important dynamic parameters of the structure. Due to the joint of pile and pile 

cap at the top, the stiffness of the overall system is higher at the top of the pile and decreases along pile length. The decrease 

in the stiffness along the length leads to decrease in the moment and shear values. Another interesting observation noted 

from the obtained results is the nominal moment and shear at the pile tip level. This observation endorses the codes 

recommendation of the pile critical depth concept which ranged between 12D to 18D in mostly adopted codes around the 

globe. Both the findings as explained above are consistent with the results published by other researchers [9].  

 

  
(a) (b) 

 
(c) 

Fig 3: Bending Moment and Shear Force Distribution of Piles (a) Dia. = 0.76m, (b) Dia. = 1.0m, (c) Dia. = 2.0m 

 

3.2 Effect of Pile Diameter on Maximum Bending Moment and Shear Forces 

As stated in the introduction of this paper, a total of three (03) pile diameters i.e.; (i) 0.76m; (ii) 1m and; (iii) 2m with a 

constant pile length of 55m were considered in this study. The corresponding aspect ratios (L/D) are 72.5, 55 and 27.5 

respectively. The obtained maximum moment and shear with aspect ratio are shown in Figure 4. Interestingly, the paper 

posits that the occurrence of higher moment and shear at the minimum aspect ratios of piles i.e. at maximum diameters. 

Thus, it can be concluded that an increase in diameter leads to increased moment and shear. Furthermore, the relationship 

between aspect ratio of piles with bending moment and shear is nonlinear in general. The aspect ratio of a pile influences 

how these internal forces distribute along the pile diameter. The increase in moment and shear with diameter is justified 

as increase in diameter leads to higher stiffness of the pile. As stated above stiffness plays a major role in accumulating 

bending moment and shear forces, so higher internal forces will be concentrated with an increase in diameter. Similar 

results were obtained by Salman and Thammarak in their published research (2021) [9].  

The present study provides an overview of pile group response, subjected axial loading, constructed in layered soil. 

Understanding the accumulation of moment and shear along with relationship between aspect ratio of piles and internal 

actions (bending moment and shear force) is crucial for optimizing pile design. The outputs of the study will help practice 

engineers gain insights while dealing with piles installed in layered soil strata. The outcomes of the study can be used for 

optimizing pile design encountering layered soil, mitigate risks and also enhance significance of soil conditions. For 
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academicians and researchers, this study provides a detailed methodology to simulate the response of pile groups subjected 

to axial loading and determine moment and shear distribution along the pile length. 

 

  
(a) (b) 

Figure 4: Effect of Pile Diameter (a) Relationship between Bending Moment and L/D ratio (b) Relationship between Shear Force 

and L/D ratio 

4 Conclusion 

• The overall stiffness of the soil-pile systems is vital to anticipate the accumulation of moment and shear in the 

pile-soil systems. 

• From the results, it can be concluded that maximum moment and shear will occur at the top of the pile. 

• It is further concluded that moment and shear reduced with the length the pile and become negligible at the pile 

tip level.  

• The moment and shear will increase with an increase in dia. of the pile due to increase stiffness.  
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Abstract- The anticipation of load transfer mechanism of piles has been topic of interest 

in the domain of geotechnical engineering. Many researchers have proposed various 

methods to anticipate load transfer mechanism and effect of pile spacing on the load 

deformation characteristics of piles. However, understanding the effect of pile 

configuration on bending moment and shear force distribution, when installed in groups 

remains area to be further explored, particularly in layered soil conditions. This study 

aims to investigate how the arrangement of piles in groups affects the bending moment 

and shear force experienced at the pile heads in layered soil. Numerical simulations using 

the finite element method were conducted, varying the configurations of pile groups to 

gain a comprehensive insight into the changes in bending moment and shear force. The 

findings indicate that both bending moment and shear force increase as the number of 

piles in a group is increased 

 

Keywords- Pile Configuration, PLAXIS 3D, Bending Moment, Shear Force. 

1 Introduction 

Piles are slender structural elements designed to transfer loads to deeper layers, ideally to rock or firm soil. Typically, piles 

are installed in clusters. As urbanization continues to grow, there is a rising demand for constructing tall buildings, 

industrial facilities, and bridges. These structures must support substantial loads and often necessitate deep foundations, 

typically using piles. Many megacities around the world feature complex ground profiles comprising layers of various soil 

types. Lahore, the second largest city in Pakistan, serves as an example, where the soil profile consists of alternating layers 

of clayey and sandy soils. 

The design of piles may be categorized into two groups i.e. (i) Traditional design approaches; and (ii) Load Deformation 

Analysis using advanced tools. Traditional design approaches involve use of numerical calculations based on SPT N 

values, closed form solutions and code-based equations such as NAVFAC DM7.02, AASHTO LRFD Design Specification 

etc. [1, 2]. Many researchers proposed various equations to anticipate the load – settlement and load transfer mechanisms 

of piles constructed in layered soil [3-8]. Traditional approach of pile design has some obvious limitations mainly (i) Ignore 

load deformation of bored piles, (ii) Mandatory vertical movement up to 0.5 % of pile diameter and 10 % of pile diameter 

to invoke skin and base resistance respectively; and (iii) Underestimation of skin resistance [3]. One of the most commonly 

employed method to understand pile performance is load transfer approach. The aforementioned method provides realistic 

estimates even considering soil as nonlinear material. In this approach, pile is discretized into nonlinear elements whereas 

soil is modelled as nonlinear springs. The spring stiffness determines the resistant of the soil. The springs defined and 

modelled at pile tip level is referred as Q-Z spring whereas spring used to represent soil around pile is termed as T-Z 

springs. [4-9]. With an advancement in the computation, the researchers shifted to adopt load deformation analysis instead 

of traditional methods using advanced tools. Among them finite element method had gained significant popularity among 

researchers. A comprehensive review on use of finite element method to anticipate pile performance subjected to axial and 

lateral loading is already well documented in literature [10].  

The effect of pile configuration and pile spacing on the load deformation characteristics of helical pile group are well 

understood and documented in the literature [11]. However, very limited number of studies were available that focused 

effect of pile configuration on the bending moment and shear force of bored pile group embedded in layered soil subjected 

to axial loading. In this study, an effort was made to determine effect of pile configuration installed in groups on the 
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bending moment and shear force constructed in layered soil profile of Lahore. The relationship between aspect ratio with 

bending moment and with shear forces was obtained by varying number of piles in group. A total of three pile group 

configurations i.e., 2 x 1, 2 x 2 and 3 x 3 with a constant pile diameter and length of 2.0m and 55m respectively, are used 

for the present study, 

2 Research Methodology  

The research methodology adopted for the present study is shown in Figure 1. Soil data upto depth of 60 m were collected 

and analyzed to obtain soil mechanical and strength properties to be used for numerical simulations. The strength properties 

were collected by using SPT N correlation. The soil properties used in numerical simulations is presented in Table 1.  

 
Figure 1: Research Methodology 

Table 1: Soil Properties Used in Numerical 

Simulation 

Soil Type CL SM CL SC 

Thickness(m) 3 27 5 25 

γb (kN m3)⁄  1.84 1.70 1.90 1.95 

E (MPa) 10 15 20 20 

c (tons m2)⁄  7 - 15 - 

ϕ (deg) - 30 - 33 
 

 

Once the required soil properties were evaluated, numerical models were created in PLAXIS 3D connect version. Mohr-

Coulomb failure criteria is used to define layered soil mass. A borehole method was used to define soil layers in PLAXIS 

3D. Section designer was used to model piles as volume element whereas plate element was used define pile cap. Adequate 

mesh size was adopted in accordance with the guidelines incorporated in PLAXIS 3D. The models of all three-pile 

configurations are shown in Figure 2.  

 

   
(a) (b) (c) 

Figure 2: FEM Models of Pile (a) 2 x 1 (b) 2 x 2 (c) 3 x 3 

3 Results 

3.1 Bending Moment and Shear Force Variation along the Pile  
The variation of moment and shear along pile length is presented in Figure 3 for all three configurations of piles measuring 

2.0m in diameter and length of 55m. It can be observed from Figure 3, that the maximum bending moment are obtained at 

the pile head level. A similar trend is observed for shear forces as the maximum shear force values are at the pile head 

level. There are two primary reasons for the higher maximum bending moment and shear forces at the pile head level. The 

first reason is the accumulation of axial load at the top of the pile. This axial loading originates from the pile cap where 

the pile is embedded, resulting in a concentrated axial load at the pile head. The second major reason for higher bending 
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moment and shear forces at the pile head is the higher stiffness at the pile head level due to joint of pile cap and pile. The 

stiffness of a structural member influences the distribution and accumulation of loads, as well as other dynamic parameters 

of the structure. Due to the connection between the pile and pile cap at the top, the overall system stiffness is highest at the 

pile head and diminishes with increasing pile length. This decrease in stiffness along the length reduces the bending 

moment and shear force along the pile. This also result in decrease in the intensity of moment and shear with embedded 

depth of the pile, and becoming almost negligible at the pile tip. This observation supports the recommendation in building 

codes for the critical depth concept of piles, typically ranging between 12D to 18D in widely adopted codes globally. These 

results of the present study are in agreement with the results published in the literature [11].  

 

  
(a) (b) 

  
(c) 

Figure 3: Bending Moment and Shear Force Distribution of Piles having configuration (a) 2 x 1 (b) 2 x 2, (c) 3 x 3 

3.2 Effect of Pile Configuration on Maximum Bending Moment and Shear Forces 

A total of three (03) pile configurations i.e. 2x1, 2x2 and 3x3 were used in this study. The corresponding number of piles 

are 2, 4 and 9 respectively. Figure 4 shows the relationship between the obtained maximum bending moment and shear 

forces with a number of piles in each configuration. From the obtained results, it is observed that bending moment and 

shear increase with an increase in no, of piles. Thus, it can be concluded that bending moment and shear force will be 

directly proportional to the number of piles. As the increase in the no. of piles increases the stiffness of the overall system, 

the higher bending moment and shear forces are resulted. Another reason for increased bending moment and shear forces 

with an increase in number of piles is attributed to degradation of the soil between the two piles. As more soil in pile group 

configuration of 3x3 was degraded as compared to pile group configuration of 2x2, due to development of transfer of the 

load to the surrounding soil and the pile tip level, this load transfer affects the distribution of shear forces and bending 

moment. These observations are consistent with the other results documented in literature [12].  

The present study provides an effect of pile group configuration on the bending moment and shear forces, subjected axial 

loading, constructed in layered soil. Understanding the accumulation of bending moment and shear forces along with 

relationship between number of piles in particular configuration and its corresponding internal actions (bending moment 

and shear force) is vital for design optimization. The outputs of the study will help practice engineers gain insights while 

dealing with piles installed in layered soil strata. The outcomes of the study can be used for optimizing pile design 
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encountering layered soil, mitigate risks and also enhance significance of soil conditions. For academicians and 

researchers, the present study provides a framework to simulate the response of pile groups subjected to axial loading and 

determine moment and shear force distribution along the pile length. 

 

  

(a) (b) 
Figure 4: Effect of Pile Configurations (a) Relationship between Bending Moment and no. of Piles (b) Relationship between Shear 

Force and no. of Piles 

4 Conclusion 

The following conclusions can be drawn from the present study: 

 

• The result concludes the bending moment and shear concentrate at the connection between the pile and pile cap 

due to higher stiffness. 

• The bending moment and shear forces will increase with an increase in the number of piles.  

• The increase in the number of piles enhances the soil degradation between the piles as higher load will be 

transferred to the soil in case of higher pile configuration.  
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Abstract- Piles foundation is considered as an appropriate foundation system for 

structures subjected to higher axial or lateral loading. In general, piles are constructed in 

a group to enhance their efficiency and capacity to resist loads. This study investigates 

the effect of pile configuration and diameter on the pile group efficiency factor, ultimately 

affecting the overall pile group capacity. Additionally, pile load transfer behavior was 

also examined to enhance understanding on the pile group response constructed in layered 

soil. A total of three pile group configurations i.e., 2 x 1, 2 x 2 and 3 x 3 along with three 

pile diameters of 0.76m, 1.0m and 2.0m with a constant length of 55m, were used for the 

present study. The results highlight the group efficiency factor reduces with piles. 

Furthermore, it was observed that major percentage of the load is transfer to the soil 

around the pile length instead of pile tip in bored piles. 

 

Keywords- Load Transfer Behavior, Bored Piles, Axial Load Capacity. 

 

1 Introduction 

Piles are defined as slender members, whose primary function is to resist axial load coming from the superstructure. Pile 

offered resistance to axial loading in two ways i.e. (i) resistance offered along the length of the pile, termed as 

skin/shaft/frictional resistance; and (ii) resistance offered at the base of the pile, called as base/tip/end resistance. The pile 

capacity subjected to axial loading is generally obtained in two ways; (i) by adopting well documented procedures in 

various codes; and (ii) by performing static pile load [1,2]. In both the aforementioned methods, the axial load carrying 

capacity of the pile along with its settlement is obtained with precision. However, no information related to resistance 

offered by a particular soil layer is obtained in either of the aforementioned methods.   

Researchers over the past few decades had proposed various equations to anticipate load transfer mechanism of piles. The 

transfer of compressive loads using helical piles was investigated using 3D FEM by varying diameter [3]. In another study, 

a correlation was proposed to evaluate behavior of screw piles subjected to compression [4]. The load transfer response of 

driven piles installed in soft soil was studied and the results were compared with the results of static pile load to enhance 

the understanding of load transfer response of driven piles [5]. Another study concluded that, load displacement at the pile 

head is direct outcome of reaction forces and their corresponding displacement around the pile head. Based on this 

conclusion, a mathematical formulation was proposed to anticipate the load transfer response of piles for various soil 

conditions [7-9]. Based on various research work, it was noticed that load transfer response correlations provides 

reasonable accuracy during loading phase of the pile. However, load tests had confirmed that unloading of pile does not 

result into zero settlement resulting into inaccurate estimation during unloading phase of the pile. A modification in the 

earlier correlation was then proposed to further enhance accuracy of load transfer mechanism of piles [10]. 

The subsoil of Lahore, the second largest city of Pakistan mainly composed of layered with alternate layers of clay and 

sandy soil [11]. Whenever the layered soil is encountered, it is vital to know the contribution of each layer in the overall 

resistance offered by the pile. This information becomes even more crucial when pile groups are considered as group 

interaction can affect soil degradation and ultimately the capacity of the piles. In the present study, an effort is made to 

determine the load transfer mechanism of bored piles constructed in-group. To enhance our understanding various 

scenarios were created by varying pile diameter and pile configuration. Three configurations i.e. 2x1, 2x2 and 3x3 of pile 

group were considered in the present study. Furthermore, three pile diameters of 0.76m, 1m and 2m with a constant pile 
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length of 55m that worked aspect ratios of 72.5, 55 and 27.5 respectively were considered for the present study. Pile 

capacity and load transfer behavior is obtained from numerical modeling in PLAXIS 3D.  

2 Research Methodology  

The research methodology adopted for the present study is shown in Figure 1.  

 

Figure 1: Research Methodology 

2.1 Data Collection 

The data of sixteen boreholes, drilled up to the depth of 60m, were collected. The collected data included corrected SPT 

N values and soil index properties such as bulk and dry densities, NMC, OMC and MDD. Soil characterization was 

performed based on the collected soil data, the generalized profile of layered soil, composed of layers of alternate layers 

of clay and sand, was compiled. The strength properties, (cohesion, frictional angle and elastic modulus) were estimated 

on the basis corrected SPT N values and presented in Table 1. 

 

Table 1: Soil Properties Used in Numerical Simulation 

Layer 

No. 

Soil Type Thickness 

(m) 

Bulk Density 

(tons/m3) 

Elastic Modulus 

(MPa) 

Cohesion 

(tons/m2) 

Friction 

Angle 
01 Silty Clay (ML) 3 1.84 10 07 - 
02 Silty Sand (SM) 27 1.70 15 - 30 

03 Lean Clay (CL) 5 1.90 20 15 - 

04 Clayey Sand (SC) 25 1.95 20 - 33 

 

2.2 Numerical Modelling 

The numerical simulations were performed in PLAXIS 3D connect version using finite element method. Layered soil is 

modelled using Mohr-Coulomb failure criteria. Cohesion, friction angle, bulk density, saturated density and soil modulus 

are used are input parameters to model the soil. Piles are modelled as volume element, using section designer option. Pile 

cap is modelled using plate element. Medium mesh size was used in accordance with guidelines incorporated in PLAXIS 

3D manual. The mesh models of three pile configurations are shown in Figure 2.  

   
(a) (b) (c) 

Figure 2: Mesh of Pile Models (a) 2 x 1 (b) 2 x 2 (c) 3 x 3 

3 Results 

3.1 Capacity of Pile Group 

The capacity of piles group obtained from numerical simulation is presented in Figure 3. The pile group efficiency factor 

was calculated using Converse-Labarre equation. The capacity of pile group configuration of 2x1, having diameter of 

0.76m, 1.0m and 2.0m were found to be 216 tons, 713 tons and 5805 tons respectively. Whereas the capacity of pile group 

configuration of 2x2, having diameter of 0.76m, 1.0m and 2.0m were found to be 205.5 tons, 665 tons and 5000 tons 
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respectively. Furthermore, the capacity of pile group configuration of 3x3, having diameter of 0.76m, 1.0m and 2.0m were 

found to be 198 tons, 633 tons and 4472 tons respectively. From Figure 3, it can be observed that axial load carrying 

capacity of piles increase with an increase in diameter and number of piles This is primarily to increase stiffness of overall 

soil pile system due to increase in pile size and numbers. Stiffness of the structure is major factor that governs the overall 

capacity of the structure. This observation is consistent with the results and recommendations published by another 

researcher [11].  

From Figure 4, it can be noticed that attained group efficiency decrease with an increase in piles. The obtained values of 

pile group efficiency factor for 2x1 pile group were found to be 0.95, 0.94 and 0.88 for pile measuring dia. of 0.76m, 1.0m 

and 2.0m respectively. The pile group efficiency factor for 2x2 pile group were found to be 0.90, 0.88 and 0.76 for pile 

measuring dia. of 0.76m, 1.0m and 2.0m respectively. Whereas group efficiency factor for 3x3 pile group were found to 

be 0.88, 0.83and 0.67 for pile measuring dia. of 0.76m, 1.0m and 2.0m respectively. It is important to note that spacing 

between the two piles were kept at 2.5 of pile diameter. Due to this close spacing, the increase in the number of piles 

resulted into block failure which leads to reduction into overall pile group efficiency factor. Another reason for reduction 

in the pile group efficiency factor is the formation of pressure bulb. Due to the close spacing, the pressure bulb of the pile 

overlaps, leading to soil degradation, ultimately affecting pile group capacity. These observations are in agreement with 

the already published research study [12].  

 

  
Figure 3: Allowable Load Carrying Capacity Figure 4: Pile Group Efficiency Factor 

 

3.2 Load Transfer Behaviour of Piles Groups 

The load transfer performance of the pile is presented in Fig 5 for all the three pile group configurations and pile diameters. 

It can be observed. The load transfer behavior is primarily governed by two important parameters i.e., strength 

characteristics of the soil and the pile construction method. In case of bored piles that pile resistance is mainly composed 

of shaft resistance. This can be seen in the Figure 5, that major portion of the load is transfer to the soil around the pile 

shaft and minor portion of the overall load is resisted at the pile tip for all three pile configurations and pile diameter. In 

the present study the obtained percentage of load transfer through shaft resistance for piles measuring diameter of 0.76m, 

1.0m and 2.0m were found to be 85%, 80% and 65% respectively. The trend will be entirely opposite in case of driven 

piles where load is primarily transferred to the soil at the pile tip level instead of pile shaft. It is noteworthy that with an 

increase in the diameter of the pile, the contribution of base resistance is increasing in the overall resistance of piles.   

 

   
(a) (b) (c) 

 

Figure 5: Load Transfer Mechanism of Piles (a) Pile Configuration 2x1 (b) Pile Configuration 2x2 (c) Pile Configuration 3x3 
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4 Conclusion 

The following conclusions can be drawn from the present study: 

 

• It can be concluded from the obtained results that pile configuration have significant impact on the axial load 

carrying capacity and load transfer response of piles groups due to variation of pile-soil system’s stiffness .  

• From the results, it can be concluded that group efficiency factor reduces with more piles due to overlapping of 

pressure bulb and formation of block failure.  

• The load transfer performance of the pile obtained in this study substantiate that major portion of load in bored 

piles will be resisted through shaft resistant.  

• From the results of load transfer behavior of piles, it is concluded that contribution of pile end bearing in the 

overall resistance of piles to axial load enhances with an increase in the pile diameter.  
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Abstract- Titanium dioxide (TiO2) is widely recognized as a photocatalyst in water 

contaminant treatment applications. Generally, obtaining the kinetics of photo-

degradation rates requires extensive experimentation, involving significant labor and 

experimental resources. This study presents a unique approach to employing multi-

expression programming (MEP) and artificial neural networks (ANN) to forecast the 

photo-degradation of water contaminants using TiO2. The collected dataset for model 

development consists of 446 data points with six input variables. The MEP model 

exhibited higher prediction accuracy for the TiO2-photocatalytic degradation of organic 

water contaminants. The MEP model exhibited predictions with R values of 0.946, 0.862, 

and 0.869 for training, testing, and validation, respectively. While the ANN model 

exhibited good accuracy during the training phase, its performance in testing and 

validation was poor, with the R-value significantly lower than the recommended 

threshold of 0.80. Among both developed models, MEP is a better choice to forecast the 

degradation of organic water contaminants using the TiO2-photocatalytic process.  

Keywords- Machine Learning, Titanium Dioxide,  Photo-degradation of Water Contaminants, Water Treatment. 

1 Introduction 

Recognizing the significance of environmental preservation, researchers are diligently pursuing eco-conscious alternative 

technologies across various aspects of daily living. Variations in water quality worldwide due to industrial and 

geographical factors, mean that a single solution cannot address all water contamination issues. Consequently, 

nanotechnology will always be essential in developing effective water treatment technologies [1]. In this context, 

photocatalysis using TiO2 is a widely used technique for wastewater treatment. Titanium dioxide stands out among 

semiconductor photocatalysts due to its remarkable chemical and biological inertness, resistance to photoanodic corrosion, 

and cost-effective production. The use of TiO2 in photocatalytic water and air purification is widely preferred for its 

efficacy and environmentally friendly nature, making it a favored advanced oxidation process [2]. Similarly, the photo-

Fenton approach is also an effective advanced oxidation process for oxidizing water pollutants. Moreover, the non-

selective nature of the photocatalytic process enables TiO2 to degrade contaminants [4]. Over recent decades, extensive 

research has focused on experimentally examining the photo-catalytic degradation of various water pollutants using TiO2. 

The recent research has also delved into exploring the underlying principles and theoretical aspects of TiO2 performance. 

However, experimental testing requires significant time and financial investment, demanding considerable resources in 

terms of labor and equipment. To address the challenges associated with experimental testing, machine learning (ML) 

approaches have recently been widely utilized to predict outcomes, optimizing both time and resources. By leveraging 

ML, researchers can efficiently model complex systems and identify key variables, significantly reducing the need for 

extensive and costly experimentation. This integration of ML into water treatment technology development, particularly 

in the context of nanotechnology, offers a promising pathway to tailor solutions for better wastewater treatment [5,6]. This 

study introduces two predictive models utilizing MEP and ANN to estimate the photo-degradation rate 

constants of contaminants exposed to TiO2 and ultraviolet irradiation in aqueous solutions. The database for 
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these predictive models comprises 446 data points gathered from published experimental reports. Six input 

variables are considered for the model development. Different statistical performance metrics were utilized to 

assess the efficacy of the developed models.  

2 Research Methodology  

2.1. Data collection  

The database for model development was collected from 26 published experimental studies, acquired by Jiang et al. [7]. 

The dataset consists of 446 data points. Six experimental variables were considered which include, experimental 

temperature (T), type of organic contaminant (OC),  TiO2 dosage (D), ultraviolet light intensity (I), initial water 

contaminant concentration (IC), and solution pH (pH). The response parameter is the photo-degradation rate constant (k), 

which is converted to its base 10 logarithm -log(k) for better understanding. In a typical experimental procedure, a specified 

content of Degussa TiO2 was mixed with polluted water with a modified pH for about 45 minutes to achieve adsorption-

desorption equilibrium before UV light irradiation. The statistical description of the input variables is given in Table 1. 

The suspension was exposed to UV light. At specified intervals, small samples were extracted and filtered to remove the 

TiO2. The first order of k was determined using Eq. 1.  

dC

dt
=kC              (1) 

Table 1: Statistical analysis of the collected dataset 

Statistics 
I 

 (mW cm−2) 

T 

 (oC) 

D  

(g L−1) 

IC 

 (mg L−1) 
pH 

K 

 (min−1) 

Mean 3.90 27.78 1.12 43.29 5.24 1.21 

Kurtosis 6.01 1.67 8.33 4.71 0.56 1.90 

Skewness 2.16 1.33 2.03 1.85 1.01 0.70 

Mode 0.18 25.00 1.00 10.00 3.60 1.30 

Standard Deviation 12.34 7.54 1.01 50.99 1.96 0.55 

Minimum 0.18 20.00 0.00 0.13 2.00 0.02 

Range 74.82 40.00 7.50 342.34 9.00 3.98 
 

2.2.  Model Development  

The ANN model was implemented in MATLAB 2021a. The hyperparameters of the ANN model were optimized using 

random search, where the parameters of the model are selected arbitrarily from a predefined space. This method enables 

extensive exploration of the parameter range. Different random combinations of hyperparameters are evaluated based on 

a predetermined metric to assess model performance. The goal is to find the combination that yields the best results. For 

optimizing the ANN model, the number of neurons is adjusted to improve accuracy. The Levenberg-Marquardt was utilized 

for the training process. The optimized parameters of the ANN model are given in Table 2. Certain parameters for the 

MEP approach need to be adjusted to build a good predictive model. These parameters are selected based on an iterative 

process. The population size defines the established programs; a larger population can result in a more intricate and reliable 

model but takes longer to converge and risks overfitting if too large. Table 2 details the setup variables used in this work. 

The function set includes basic mathematical operations (-, ×, ÷, +, sqr, exp) to establish a simple model. The number of 

generations affects the method's precision, with more generations leading to fewer errors. Various variable combinations 

were tested to hyper-tune the model. The optimized prediction model with the lowest error was selected as presented in 

Table 2. 

Table 2: Hyperparameters optimization of the suggested models 

MEP ANN 

Parameter Optimized value Parameter Optimized value 

Sub-population size 50 Number of epochs 100 

Mutation probability 0.01 Activation function purelin, logsig, tansig 

Generations 250 Learning rate 0.26 

Operators sqr, exp, ×, ÷, +, − Momentum rate 0.9 
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MEP ANN 

Parameter Optimized value Parameter Optimized value 

Tournament size 2 Hidden neurons 40 

Length of code 0.5   

Fitness function MAE   

Crossover  prob. 0.9   

 

3 Results 

3.1 ANN Model Performance 

The performance of the ANN is depicted in Figures 1-3, demonstrating a consistent decrease in error, indicative of 

improved model accuracy with more training cycles. Figure 1 highlights the MSE across validation, training, and testing 

stages, showing a significant optimization after seven epochs. This trend is corroborated by Figures 2 and 3, underscoring 

the model’s effectiveness in reducing error throughout various stages. This hyper-tuning process provides a better 

understanding of the ANN performance and convergence. The training of the ANN utilized R and MSE as an ultimate 

termination approach. Specifically, adjustments to the neural network architecture were made when the accuracy metric 

(R) showed no significant improvement over several epochs, or when the R-value on the validation set plateaued and the 

MSE stopped decreasing. The ANN model with a 40-neuron architecture demonstrated good prediction records. To further 

provide a performance assessment of the ANN model, regression plots of the ANN approach are illustrated in Figure 4. 

The ANN model showed excellent precision with an R-value of 0.843 in training and an MSE value of 0.156. Moreover, 

while the model exhibited good accuracy during the training phase, its performance in testing and validation was poor, 

with the R-value significantly lower than the recommended threshold of 0.80. This disparity suggests that the model may 

be overfitting to the training data, failing to generalize well to unseen data.  

 
 
Figure 1: ANN model Performance 

 

Figure 2: ANN model. Training state          

 

Figure 3: ANN model Error Limits          

3.2 MEP Model Performance  

The performance of the established MEP model is illustrated in Figure 5. It is generally recommended that the regression 

slope should be higher than 0.80 for an accurate prediction model. The MEP approach showed good predictions with a 

regression slope value of 0.996 for training, 0.901 for testing, and 0.856 for validation. These values are significantly 

higher than the recommended criteria of 0.80, suggesting a good alignment between the model and experimental data. 

Furthermore, the fitting lines for all three subsets are well-aligned with the ideal fit line, indicating that the MEP model 

provided comparable performance for all three subsets, thereby overcoming the issue of overfitting. Moreover, the MEP 

model demonstrated good accuracy in predicting the output, with R and MSE values of 0.946 and 0.064 for training, 0.862 

and 0.184 for testing, and 0.869 and 0.083 for validation. The R-values for the three subsets are higher than 0.80 and close 

to 1, indicating the MEP model's potential to provide high prediction accuracy. The MEP model exhibited superior efficacy 

compared to the developed ANN model, making it the best choice for estimating TiO2-catalyzed photo-degradation. 

Additionally, the lower MSE values across training, testing, and validation further reinforce the reliability and robustness 
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of the MEP model in practical applications. In addition, the MEP model provides better accuracy than the ML-based 

prediction model developed by Jiang et al. [7].  

 
Figure 4: ANN model Regression analysis 

 
 

Figure 5: Performance of the developed MEP model 

 

4 Conclusion 

In the present study, ANN and MEP models were developed to predict the TiO2-assisted  photo-degradation efficiency for 

the removal of water contaminants. The models incorporated data from extensive studies with six input features and 

considered 78 organic contaminants, covering most experimental setups for the photocatalytic degradation process. SHAP 

interpretations were provided to enhance model interpretability. The major findings of the study are summarized herein: 

1. The MEP model exhibited higher prediction accuracy for the TiO2- photocatalytic degradation of organic water 

contaminants. The MEP model exhibited predictions with R values of 0.946, 0.862, and 0.869 for training, testing, 

and validation, respectively. 

2.  ANN model showed excellent accuracy with an R-value of 0.843 in training and an MSE value of 0.156. 

Moreover, while the model exhibited good accuracy during the training phase, its performance in testing and 

validation was poor, with the R-value significantly lower than the recommended threshold of 0.80.  

3. Among both developed models, MEP is a better choice to forecast the TiO2- photocatalytic degradation of organic 

water contaminants.  
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Abstract- In developing countries like India and Pakistan, municipal waste creation is 

increasing rapidly because of ongoing population, urbanization, and industry growth. In 

addition to having a detrimental impact on the environment. Managing MSW effectively 

and producing sustainable non-fossil fuel, energy can both be accomplished by converting 

trash to energy. This study aims to provide a thorough assessment of the energy content 

of municipal solid waste (MSW) from high-income area Hayatabad and low-income area 

Tehkal of Peshawar city KPK Pakistan. First, selected the solid waste sample in plastic 

bags from the dumpsite in the low-income area Tehkal and high-income area Hayatabad 

of Peshawar city K.P.K Pakistan. Each sample was 100 kg from both the areas. The 

collected waste is separated to different component of solid waste. Then find the moisture 

content of each component in MSW. It almost took 3 to 4 weeks to collect this data. After 

finding the dry weight, find the energy content of high-income zone, which was found 

out to be 28026.7292kJ/100 kg, and for low-income zone, it was 14794.7395kJ/100kg. 

Keywords- Energy Content, Municipal Solid Waste, Moisture Content, Waste Composition.  

1 Introduction 

Developed nations generate a greater amount of waste than developing nations. Nonetheless, because they have strong 

management systems, they produce significant amounts of energy from these wastes. Due to the high cost of MSW 

management and producing energy from it, it is a significant issue in developing nations like Pakistan. The handling of 

MSW is not merely a technical problem; a number of legal, political, ecological, and financial variables influence it [1]. 

Approximately 60% of solid garbage is collected, while the remainder is left at collecting places or in streets, emitting 

toxins and rendering the environment unfit for human interactions [2]. 

Municipal solid waste includes degradable, partially degradable, and non-biodegradable items such paper, textiles, food 

waste, straw, yard trash, leather, plastics, rubbers, metals, glass, ash, dust, and electronics [3]. The findings imply that total 

worldwide trash generation would be roughly 20 billion tons in 2017. This equates to 2.63 tons of total garbage per person 

(cap) each year. Under the current business-as-usual scenario, worldwide trash production is predicted to reach 46 billion 

tons by 2050 [4]. 

MSW recuperation can be in many ways, such as composting, which is the process of recycling biodegradable parts of 

MSW through a number of technological processes and thermochemical therapy, which comprises of pyrolysis, 

gasification, and incineration [5]. From the above, it is clear that there is potential to produce energy from MSW by 

incineration which involves burning garbage at high temperatures in order to produce heat that can be used to produce 

power and heat buildings. Biodegradable are those that decompose spontaneously in the environment, such as vegetable 
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peels and natural textiles. These are used to produce energy manure, compost and biogas. Non-biodegradable substances 

are those that cannot naturally decompose in the environment, such as plastic and metals. These can be separated and 

recycled but it may be very costly. 

The purpose of this research work is to assess the potential power that can be generated from municipal solid trash in two 

diverse areas of Peshawar, K.P.K Pakistan, specifically the low-income area Tehkal and the high-income area Hayatabad 

of Peshawar city KPK Pakistan. The results of this study will provide helpful information regarding the capability of 

producing energy via MSW in the region under study, as well as help alleviate the region's energy shortfall and waste 

management concerns. This study paper will contribute to the current collection of literature on how to handle MSW and 

provide the groundwork for long-term waste to energy conversion practices in Peshawar's low-income area Tehkal and 

high-income area Hayatabad. 

2 Research Methodology  

2.1 Sample Collection 

We collected 100 kg sample of solid municipal waste from the largest MSW disposal place, located in high and low-

income areas of Peshawar city KPK Pakistan. The 100 kg sample was collected in one week. In every day of the week 

14.38 kg was collected. The dumpsites are shown in Figure 1 respectively. 

a)        b)   

Figure 1: Dumpsites a) Tehkal Low-Income Area Dumpsite and b) Hayatabad High-Income Area Dumpsite 

2.2  Characterization and Physical Analysis of MSW  

The municipal waste (MSW) specimen was characterized by manually separating and classifying it into various 

components. The components in MSW were separated manually. The mass of each element in the total MSW specimen 

was measured using a device known as a digital balance 

2.3 Moisture Percentage  

To determine the amount of moisture of individual components, everyone was freshly weighed via an electronic balance 

and dried inside an oven at 100°C for 3 hours.  

3 Results 

In Tehkal, a low-income neighborhood, garbage is primarily composed of biodegradable products, with a minimum 

proportion of recyclables. Tehkal's trash is largely biodegradable with few recyclables, demonstrating the complex 

interplay of economic, cultural, infrastructural, and behavioral elements in waste management in low-income communities. 

In contrast, the high-income region of Hayatabad, non-biodegradable products have a higher percentage, reflecting a more 

consumer-oriented lifestyle. 

Table 1 shows the waste components, percentage composition, moisture content, dry unit weight, and total energy based 

on a 100 kg sample from the high-income area Hayatabad. The outcome of the table 1 is the energy calculated present in 

100 kg of sample which is collected from high-income area Hayatabad. 

Page 223 of 231



6th Conference on Sustainability in Civil Engineering (CSCE’24)                                                                                 

Department of Civil Engineering 

Capital University of Science and Technology, Islamabad Pakistan 

 

 Paper ID. 24-711        

Table 1: Total energy based on 100 kg of sample of high-income area Hayatabad 

S. 

No 
Components 

Composition 

% by weight 

(total 100kg) 

Moisture 

Content (%) 

% Dry Weight 

(kg) 

Default energy 

values (KJ/Kg) 

Total energy 

(KJ/Kg) 

1 Plastic 14.1 2 13.818 32600 600466.8 

2 Paper 8.5 6 7.99 16750 133832.5 

3 Cardboard 7.6 5 7.22 16300 117686 

4 Food waste 10.5 70 3.15 4650 20647.5 

5 Yard waste 11.2 60 4.48 6500 29120 

6 Textiles 3.9 10 3.51 25400 159154 

7 Glass 5.8 2 5.684 1650 9378.6 

8 Tin Cans 2.8 3 2.716 700 1901.2 

9 Tetra Pack 5.6 11 4.984 12000 59808 

10 PET Bottles 9.3 4 8.928 29400 392483.2 

11 Ash/ Sand 3.3 26 2.442 250 610.5 

12 Polythene 7.2 18 5.904 15690 92633.76 

13 Wood 8.6 36 5.504 18600 152374.4 

14 Rubber 1.6 2 1.568 23750 40240 

15 Total 100 - 77.898 - 2802672.92 

 

Energy Value = 2802672.92kJ/100kg 

Energy Value in kJ/kg for high-income area Hayatabad = 28026.7292kJ/kg  

The component of waste, its percentage composition in 100 kg sample, moisture content and dry unit weight of MSW and 

Total energy based on 100 kg of sample of low-income area Tehkal is calculated given below in the table 2. 

Table 2: Total energy based on 100 kg of sample of low-income area Tehkal 

S. 

No 
Components 

Composition 

% by weight 

(total 100kg) 

Moisture 

Content (%) 

% Dry Weight 

(kg) 

Default energy 

values (KJ/Kg) 

Total energy 

(KJ/Kg) 

1 Plastic 16.1 6 15.134 32600 493368.4 

2 Paper 6.5 8 5.98 16750 100165 

3 Cardboard 5.6 10 5.04 16300 82152 

4 Food waste 8.2 60 3.28 4650 15252 

5 Yard waste 3.5 40 2.1 6500 13650 

6 Textiles 5.6 8 5.152 25400 130860.8 

7 Glass 4.9 3 4.753 1650 7842.45 

8 Tin Cans 2.7 2 2.646 700 1852.2 

9 Tetra Pack 6.3 10 5.67 12000 68040 

10 PET Bottles 12.4 5 11.78 29400 346332 

11 Ash/ Sand 9.5 25 7.125 250 1781.25 

12 Polythene 5.7 35 3.705 15690 58131.45 

13 Wood 10.6 46 5.724 18600 106466.4 

14 Rubber 2.4 6 2.256 23750 53580 

15 Total 100 - 80.345 - 1479473.95 

 

Energy Value = 1479473.95kJ/100kg 

Energy Value in kJ/kg for low-income area Tehkal = 14794.7395kJ/100kg 
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Figure 2: Comparison of energy values of MSW components in Hayatabad and Tehkal 

The MSW in high-income area Hayatabad exhibited a higher calorific value, attributed to the increased presence of non-

biodegradable materials, which have a higher energy content when incinerated. Low-income area Tehkal produces the 

lowest calorific value because MSW has the possibility for energy recovery via organic waste digestion and biogas 

production. It is observed from the energy values if in the future we have to install the energy generation plant in these 

regions then high-income area Hayatabad is preferred over low-income area Tehkal. The research highlights the 

importance of efficient waste management, including tailored methods, optimal collection schedules, improved segregation 

and recycling, and Waste-to-Energy facilities, which can reduce landfill dependence and achieve renewable energy targets. 

4 Conclusion 

The energy content disparities between Tehkal and Hayatabad highlight the need for waste-to-energy solutions in every 

city, especially in areas with higher energy content. Specialized solutions are needed in Peshawar City for sustainable 

development and maximum energy recovery. The study suggests developing effective waste management strategies to 

enhance resource utilization and minimize environmental harm, requiring careful planning, regulation, and public 

engagement for waste-to-energy adoption. This study highlights the importance of localized initiatives in waste 

management and renewable energy, emphasizing the need for stakeholder engagement to develop sustainable, equitable 

solutions. 
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