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Editorial

Special Issue: Advances in Structural Analysis and Rehabilitation
for Existing Structures
Alessio Cascardi

Department of Civil Engineering, University of Calabria, Via P. Bucci Cube 45B, 87036 Arcavacata di Rende, Italy;
alessio.cascardi@unical.it

1. Introduction

In the dynamic realm of civil engineering, the principles of structural analysis and
rehabilitation are pivotal in extending the lifespan and enhancing the performance of
existing structures. The following Special Issue, entitled “Advances in Structural Analysis and
Rehabilitation for Existing Structures”, delves into the forefront of research and innovation in
the field. It explores the evolving methodologies, technologies, and strategies that engineers
and researchers worldwide are employing to address the challenges posed by aging infras-
tructure. As populations grow and urbanization intensifies, the demand for sustainable
infrastructure becomes increasingly urgent. Existing structures, whether historic landmarks
or essential infrastructure, require continuous assessment and maintenance to ensure safety,
functionality, and longevity. This collection of contributions aims to illuminate the latest
advancements that enable engineers to analyze, diagnose, and rehabilitate structures with
precision and efficiency. From advanced computational models and non-destructive testing
techniques to innovative materials and retrofitting strategies, the chapters in this Special
Issue encompass a broad spectrum of approaches. Each article offers insights into how
these advancements are reshaping the practice of structural engineering, paving the way
for more resilient and sustainable built environments.

Moreover, the following Special Issue serves as a platform for collaboration and
knowledge exchange among researchers, practitioners, and academicians. By sharing
cutting-edge research and practical applications, we aim to inspire further innovation and
foster a deeper understanding of the complexities involved in maintaining and upgrading
our infrastructure. Through this compilation, we invite readers to explore the frontiers of
structural analysis and rehabilitation, where theory meets practice and where the future
of sustainable infrastructure is being defined. Whether you are a seasoned professional, a
budding researcher, or simply curious about the evolving landscape of civil engineering,
we hope that this collection sparks new ideas and insights that contribute to the ongoing
evolution of our built environment.

Welcome to “Advances in Structural Analysis and Rehabilitation for Existing Structures”—a
testament to the ingenuity and dedication driving the advancement of structural engineer-
ing worldwide.

2. Overview of the Published Articles

This Special Issue contains eleven papers, including eight reviews, published by a
number of authors interested in cutting-edge developments in the field of engineering. The
authors hail from 12 countries, including Germany, France, Portugal, Canada, the UK, the
USA, Singapore, Brazil, China, Malaysia, Iran, and Iraq.

The authors of the paper “Carbon Fiber-Reinforced Polymer Composites Integrated
Beam–Column Joints with Improved Strength Performance against Seismic Events: Nu-
merical Model Simulation” explore the use of carbon fiber-reinforced polymer (CFRP)
composites in beam–column joints to enhance their strength and resilience during seismic
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events. The study authors utilize numerical simulations to investigate how CFRP can effec-
tively reinforce these critical structural connections, offering insights into its performance
and potential benefits in seismic-resistant design. Key findings highlight the improved
strength and durability of CFRP-integrated joints, suggesting promising applications for
enhancing structural safety in earthquake-prone regions.

The authors of the paper “Performance Evaluation of Self-Compacting Glass Fiber
Concrete Incorporating Silica Fume at Elevated Temperatures” examine the behavior of
self-compacting concrete (SCC) reinforced with glass fibers and silica fume when subjected
to high temperatures. Through a series of experimental tests, the study authors evaluate the
concrete’s mechanical properties, including its strength, workability, and durability under
elevated temperature conditions. The results indicate that the addition of glass fibers and
silica fume enhances the thermal resistance and overall performance of SCC, making it a
viable option for construction applications where high-temperature exposure is a concern.

The authors of the paper “Minimum Shear Reinforcement for Reactive Powder Con-
crete Beams” investigate the requirements for shear reinforcement in reactive powder
concrete (RPC) beams. Through experimental testing and analysis, the study authors
determine the optimal amount of shear reinforcement needed to ensure structural integrity
and prevent failure. Findings suggest that RPC beams, known for their high strength and
durability, require less shear reinforcement compared to conventional concrete beams, due
to their superior material properties. The research provides guidelines for the design of
RPC beams, aiming to improve efficiency and safety in structural engineering applications.

The authors of the paper “Numerical Investigation of the Seismic Performance of an
Innovative Type of Buckling-Restrained Brace (BRB)” explore the effectiveness of a newly
designed buckling-restrained brace in enhancing the seismic performance of structures.
Using numerical simulations, the study assesses the brace’s ability to withstand seismic
loads and prevent buckling under stress. Their study results indicate that the innovative
BRB design significantly improves energy dissipation and overall structural resilience
during earthquakes. The findings highlight the potential of this new BRB type to provide
superior seismic protection, offering valuable insights for improving earthquake-resistant
building design.

The authors of the paper “Assessment of Groundwater Contamination in the South-
eastern Coast of Brazil: A Potential Threat to Human Health in Marica Municipality”
investigate the quality of groundwater in Marica Municipality, Brazil, and its implications
for human health. Through comprehensive water quality testing and analysis, the study
authors identify various contaminants present in the groundwater, including heavy metals
and microbial pollutants. The findings reveal significant levels of contamination, posing
potential health risks to the local population. The research underscores the urgent need for
effective groundwater management and pollution mitigation strategies to protect public
health in the region.

The authors of the paper “A Parametric Study on the LDB Strength of Steel-Concrete
Composite Beams” examine the lateral–distortional buckling (LDB) strength of steel-
concrete composite beams through a series of parametric analyses. By varying key parame-
ters such as beam geometry, material properties, and loading conditions, the study authors
evaluate their impact on the LDB behavior and strength of these composite structures. The
results provide a deeper understanding of the factors influencing LDB strength and offer
guidelines for optimizing the design of steel-concrete composite beams to enhance their
stability and performance in structural applications.

The authors of the paper “Insight into the Optimization of Implementation Time in
Cob Construction: Field Test and Compressive Strength Versus Drying Kinetics” explore
the optimal timing for implementing cob construction to balance compressive strength
and drying kinetics. Through field tests, the study authors examine how different im-
plementation times affect the drying process and the resulting compressive strength of
cob materials. Findings indicate that optimizing the implementation time is crucial for
achieving desirable strength characteristics while ensuring efficient drying. The research
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provides practical recommendations for enhancing the durability and performance of cob
structures, contributing to more effective and sustainable building practices.

The authors of the paper “Seismic Resilience and Design Factors of Inline Seismic
Friction Dampers (ISFDs)” investigate the effectiveness of ISFDs in enhancing the seismic
resilience of structures. By analyzing various design factors, the study authors evaluate
how these dampers perform under seismic loading conditions. The results show that ISFDs
significantly improve energy dissipation and structural stability during earthquakes. Key
design factors such as damper configuration, material properties, and installation methods
are found to influence the overall performance of ISFDs. The research offers valuable
insights and guidelines for incorporating ISFDs into building designs to achieve superior
earthquake resistance.

The authors of the paper “Improved Structural Health Monitoring Using Mode Shapes:
An Enhanced Framework for Damage Detection in 2D and 3D Structures” present a novel
approach to structural health monitoring that leverages mode shapes for more accurate
damage detection. The enhanced framework is designed to identify and locate damage in
both two-dimensional and three-dimensional structures. Through numerical simulations
and experimental validation, the study authors demonstrate that using mode shapes
improves the sensitivity and reliability of damage detection methods. The findings suggest
that this advanced monitoring technique can significantly contribute to maintaining the
safety and integrity of various structural systems.

The authors of the paper “Chemo-Thermo-Mechanical FEA as a Support Tool for
Damage Diagnostic of a Cracked Concrete Arch Dam: A Case Study” explore the use
of finite element analysis (FEA) incorporating chemical, thermal, and mechanical factors
to diagnose damage in a cracked concrete arch dam. The case study demonstrates how
this comprehensive FEA approach can effectively simulate the complex interactions and
stressors affecting the dam’s integrity. Their study results highlight the method’s ability
to accurately identify damage locations and assess the severity of cracks. The research
supports the use of chemo-thermo-mechanical FEA as a valuable tool for enhancing the
precision of structural diagnostics and maintenance strategies for concrete arch dams.

The authors of the paper “Surface Waterproofing Techniques: A Case Study in Nova
Lima, Brazil” investigate various surface waterproofing methods applied to structures in
Nova Lima, Brazil. The study authors evaluate the effectiveness of different techniques in
preventing water infiltration and mitigating related damage. Through field experiments
and performance assessments, the authors identify which waterproofing strategies provide
the best protection under local environmental conditions. The study findings suggest
that certain techniques significantly enhance the durability and lifespan of the structures.
The study offers practical insights and recommendations for selecting and implementing
surface waterproofing solutions in similar climatic regions.

3. Closing Remarks

In editing the eleven papers comprising the herein-presented Special Issue, several
key insights and conclusions emerge, highlighting the evolving landscape of structural
engineering and materials science.

The integration of advanced materials and innovative design approaches plays a
crucial role in improving structural resilience. For instance, carbon fiber-reinforced polymer
(CFRP) composites have been shown to enhance the strength and seismic performance of
beam–column joints, offering a promising solution for earthquake-resistant structures. Sim-
ilarly, the use of glass fibers and silica fume in self-compacting concrete has demonstrated
significant improvements in thermal performance and mechanical properties, indicating
their potential for high-temperature applications.

Recent research on reactive powder concrete (RPC) beams reveals that their superior
properties allow for reduced shear reinforcement compared to traditional concrete, optimiz-
ing material use without compromising structural integrity. The above aligns with findings
on buckling-restrained braces (BRBs), where innovative designs have been found to signifi-
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cantly improve energy dissipation and stability during seismic events, underscoring the
importance of advanced seismic protection technologies.

Groundwater contamination studies in Nova Lima, Brazil, highlight a critical public
health concern, emphasizing the need for effective water management and pollution miti-
gation strategies. This concern extends to the structural domain as well, where optimizing
design parameters for steel–concrete composite beams can enhance their lateral–distortional
buckling strength, contributing to more stable and efficient construction practices.

In the realm of construction techniques, the optimization of implementation time in
cob construction has been shown to affect both compressive strength and drying efficiency,
illustrating the importance of precise timing for material performance. This principle of
optimization extends to the use of inline seismic friction dampers (ISFDs), which offer
improved seismic resilience through enhanced energy dissipation.

Structural health monitoring benefits from the use of mode shapes, which provide
more accurate damage detection in both two-dimensional and three-dimensional structures.
This method’s reliability is further supported by advanced chemo-thermo-mechanical finite
element analysis (FEA) techniques, which have proven effective in diagnosing damage in
concrete arch dams by considering a comprehensive range of factors.

Lastly, the evaluation of surface waterproofing techniques in Nova Lima, Brazil,
underscores the variability in effectiveness based on environmental conditions, stressing
the importance of selecting appropriate methods to prevent water damage and extend the
lifespan of structures.

Together, these studies reflect a growing emphasis on integrating advanced materials,
innovative designs, and precise monitoring techniques to enhance the performance, safety,
and longevity of structures across diverse applications and environments.

In addition, a valuable short references list is reported herein in order to make the
present section as comprehensive as possible. In their study, Cascardi et al. (2024) [1]
explore the use of carbon fabric-reinforced cementitious mortar (CFRCM) for enhancing
the confinement of concrete cylinders. The study authors focus on evaluating the effective-
ness of multi-ply wrapping configurations in improving the mechanical properties and
structural performance of concrete under different loading conditions. Key findings from
the research highlight the influence of the mortar matrix in CFRCM on overall performance,
particularly in terms of strength enhancement and ductility. The authors experimentally
investigate various parameters such as ply orientation, number of layers, and mortar com-
position to determine their impact on confinement efficiency. The results suggest that the
matrix composition significantly affects the confinement effectiveness of CFRCM, with
implications for optimizing design and application in structural engineering. The study
provides valuable insights into the mechanics of composite materials and offers practical
guidelines for utilizing CFRCM in enhancing the resilience and durability of concrete
structures. Overall, Cascardi et al. contribute to the understanding of CFRCM technol-
ogy by emphasizing the importance of mortar matrix properties in achieving enhanced
performance of reinforced concrete elements through multi-ply wrapping techniques.

The authors of [2] investigate the application of fiber-reinforced polymers (FRP) as
a removable method for confining and reinforcing heritage masonry columns. The study
aims to address the need for reversible strengthening techniques in the preservation of
historical structures. The authors propose a novel approach that allows FRP materials
to be used temporarily, ensuring that the original state of the masonry columns can be
restored when necessary. This method balances the preservation requirements of heritage
structures with the need for structural enhancement to improve their load-bearing capacity
and stability. Key aspects of the research include experimental tests on masonry columns
confined with removable FRP wraps. The results demonstrate that the FRP confinement
significantly enhances the mechanical performance of the columns, increasing their strength
and ductility. Additionally, the reversibility of the FRP application is confirmed, making it a
viable solution for temporary strengthening. The study provides detailed insights into the
behavior of FRP-confined masonry columns, including the effects of various confinement
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configurations and materials. The authors also discuss the practical implications of their
findings for the conservation of heritage buildings, emphasizing the potential for FRP
technology to offer both structural benefits and compliance with preservation standards.

A further contribution is [3], whose authors address the critical issue of evaluating
the seismic performance of existing reinforced concrete (RC) structures. The study authors
provide a comprehensive framework for assessing the vulnerability of such structures
to seismic events and propose methodologies for their evaluation and retrofitting. Key
elements of the research include:
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In conclusion, Ghobarah’s research offers a valuable contribution to the field of struc-
tural engineering by providing a detailed and practical framework for the seismic assess-
ment and retrofitting of existing RC structures. The study emphasizes the importance of a
thorough evaluation to ensure that these structures can withstand seismic events, thereby
safeguarding lives and reducing economic losses.

Lastly, in the paper by Mesquita et al. (2016) [4], the authors provide a comprehensive
review of the advancements in structural health monitoring (SHM) technologies. The study
focuses on the development and implementation of SHM platforms to enhance the safety
and longevity of civil infrastructure. Key aspects of the research include:

Eng 2024, 5, FOR PEER REVIEW 5 
 

 

insights into the behavior of FRP-confined masonry columns, including the effects of var-

ious confinement configurations and materials. The authors also discuss the practical im-

plications of their findings for the conservation of heritage buildings, emphasizing the 

potential for FRP technology to offer both structural benefits and compliance with preser-

vation standards. 

A further contribution is [3], whose authors address the critical issue of evaluating 

the seismic performance of existing reinforced concrete (RC) structures. The study authors 

provide a comprehensive framework for assessing the vulnerability of such structures to 

seismic events and propose methodologies for their evaluation and retrofitting. Key ele-

ments of the research include: 

➢ The authors outline systematic procedures for the seismic assessment of existing RC 

structures. These procedures incorporate both qualitative and quantitative evalua-

tions, considering factors such as structural design, construction quality, material 

properties, and the current state of the structure. 

➢ Ghobarah discusses various performance criteria that should be met to ensure the 

safety and functionality of RC structures during and after seismic events. These cri-

teria include maintaining structural integrity, minimizing damage, and ensuring the 

safety of occupants. 

➢ The authors review different methods for evaluating seismic performance, including 

linear and nonlinear analysis techniques. Ghobarah emphasizes the importance of 

accurate modeling and analysis to predict the behavior of RC structures under seis-

mic loads. 

➢ The authors also explore various retrofitting strategies to enhance the seismic perfor-

mance of RC structures. These strategies range from local strengthening techniques, 

such as the addition of shear walls and steel bracings, to global approaches like base 

isolation and energy dissipation devices. 

➢ To illustrate the practical application of the proposed assessment and retrofitting 

methodologies, the paper includes case studies and examples of existing RC struc-

tures that have undergone seismic evaluation and strengthening. 

In conclusion, Ghobarah’s research offers a valuable contribution to the field of struc-

tural engineering by providing a detailed and practical framework for the seismic assess-

ment and retrofitting of existing RC structures. The study emphasizes the importance of 

a thorough evaluation to ensure that these structures can withstand seismic events, 

thereby safeguarding lives and reducing economic losses. 

Lastly, in the paper by Mesquita et al. (2016) [4], the authors provide a comprehensive 

review of the advancements in structural health monitoring (SHM) technologies. The 

study focuses on the development and implementation of SHM platforms to enhance the 

safety and longevity of civil infrastructure. Key aspects of the research include: 

➢ The paper begins with an overview of the current state of SHM technologies, high-

lighting their importance in detecting damage, assessing structural integrity, and en-

suring the safety of civil structures. 

➢ The authors discuss various sensor technologies used in SHM, including traditional 

sensors such as strain gauges and accelerometers, as well as advanced optical fiber 

sensors and wireless sensor networks. These technologies are evaluated based on 

their accuracy, reliability, and ease of deployment. 

➢ The authors examine the methods for data acquisition and processing, emphasizing 

the role of real-time monitoring and data analytics in providing accurate and action-

able information about structural health. The use of machine learning and artificial 

intelligence in SHM data processing is also explored. 

➢ The authors review the integration of SHM systems with communication platforms, 

enabling remote monitoring and analysis. The authors also highlight the importance 

of robust and secure communication channels for the effective implementation of 

SHM systems. 

The paper begins with an overview of the current state of SHM technologies, highlight-
ing their importance in detecting damage, assessing structural integrity, and ensuring
the safety of civil structures.
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The authors discuss various sensor technologies used in SHM, including traditional
sensors such as strain gauges and accelerometers, as well as advanced optical fiber
sensors and wireless sensor networks. These technologies are evaluated based on their
accuracy, reliability, and ease of deployment.
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The authors examine the methods for data acquisition and processing, emphasizing
the role of real-time monitoring and data analytics in providing accurate and action-
able information about structural health. The use of machine learning and artificial
intelligence in SHM data processing is also explored.
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The authors review the integration of SHM systems with communication platforms,
enabling remote monitoring and analysis. The authors also highlight the importance
of robust and secure communication channels for the effective implementation of
SHM systems.
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To demonstrate the practical applications of SHM technologies, the study includes
several case studies showcasing successful implementations in bridges, buildings, and
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other civil structures. These examples illustrate the benefits of SHM in extending the
service life of structures and reducing maintenance costs.
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The authors identify the challenges faced in the field of SHM, such as the need
for standardized protocols, the high cost of advanced sensor technologies, and the
integration of diverse data sources. They also discuss future directions, including
the development of more cost-effective solutions and the incorporation of emerging
technologies such as the Internet of Things (IoT) and cloud computing.

In conclusion, Mesquita et al. provide a detailed and insightful overview of the
advancements in SHM platforms, highlighting their critical role in the maintenance and
safety of civil infrastructure. Their paper underscores the need for continuous innovation
and integration of new technologies to address the challenges in SHM and to enhance the
effectiveness of monitoring systems.
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Abstract: Strength enhancement of non-seismic concrete beam–column joints (NSCBCJs) via carbon
fiber-reinforced polymer composites (CFRPCs) integration has become a viable strategy. However, the
implementation of these NSCBCJs without transverse reinforcement shows poor performance during
earthquakes in seismic locations. Thus, strengthening the anti-seismic performance of NSCBCJs to
meet the acceptance criteria of ACI 374.1-05 is fundamentally significant. Yet, in addition to limited
experimental results, only a few numerical studies based on the finite element model have been
performed to determine the anti-seismic behavior of NSCBCJs. Consequently, the stress contribution
of CFRPCs to NSCBCJs is not clearly understood. Therefore, we used a finite element model
to examine the strength contribution of CFRPCs to NSCBCJs. The performance of the proposed
finite element model was validated using the experimental results, demonstrating a good agreement
between them. It was shown that the strength of NSCBCJs was improved due to CFRPC incorporation,
thereby achieving compliance with the seismic requirements of ACI 374.1-05. In addition, CFRPCs
presence could enhance the confinement, reduce the deformation of the NSCBCJs and, thus, decrease
their stiffness and strength degradation, while simultaneously improving the energy dissipation.

Keywords: CFRPCs; NSCBCJs; strength performance; finite element model; plastic hinge

1. Introduction

In the context of construction technology, the term “strengthening” refers to the retrofit,
rehabilitation, and repair of building materials. In retrofitting, the structural components
are installed with the goal of improving their overall performance in terms of shear, flexural,
and compressive strength [1–3]. This improvement in the structural integrity becomes
more significant than the initial performance. Rehabilitation is the process of repara-
tion and restoration of the performance and strength lost in the structures under varied
situations [4–7]. In the repairing process, the structural members’ quality are improved to
meet the desired requirements. Over the decades, numerous experimental and analytical
studies have been conducted to gain an in-depth understanding regarding the behavior of
beam-to-column joints (BCJs). In the reinforced concrete structures, the critical zones are
identified at the BCJ wherein the vertical and lateral loads meet and are transferred to the
footing [8–10]. Consequently, the risk of failure at the joints is much higher compared to
other structural components. During an earthquake, the plastic hinge mechanism (PHM)
can potentially occur near the joints. Essentially, BCJs are a segment of columns shared
by the beams at their intersections in reinforced concrete buildings [11–13]. Needless to
say that with the increase in the frequency of earthquakes worldwide, the sustainability of
building structures in the civil engineering sectors has become a major concern unless steps
are taken to inhibit this damage. It has been realized that the implementation of stable
and durable BCJs with high performance is essential in the construction process [14]. To
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determine the legitimacy of such joints, in-depth experimental, analytical, and numerical
modelling and simulation studies are vital.

In recent years, many details of the BCJs have been examined to protect the BCJs
from failure during seismic vibration. In this regard, impacts of several critical factors,
such as the degree of steel reinforcement in various types of concretes [15], changes in
the longitudinal reinforcement [16] and shear reinforcement [17–20], and the use of rebar
at different diameters [21] on the BCJs were evaluated. It is established that diverse
strengthening methods, like the incorporation of different carbon fiber sheets (CFRP and
glass fiber-reinforced polymer (GFRP)) [22–24], steel plate jacketing [25], and external
post-tension rods [26], can effectively be used to improve the anti-seismic behavior of
BCJs. The results of several experimental and theoretical studies on the BCJs concerning
influencing factors and strengthening methods have significantly contributed towards their
anti-seismic performance.

The concept of using fiber-reinforced polymer (FRP) confinement involves bonding
the FRP to the concrete surface with a bonding agent, such as epoxy resin. This bond
allows the FRP and concrete to function as a composite structure, enhancing the BCJs’ seis-
mic performance when properly designed and constructed [27,28]. FRP is an anisotropic
material with superior engineering properties along the direction of the reinforcing fiber,
but it is weak in the transverse direction. Therefore, it is highly recommended to con-
fine the structure in the principal fiber direction of the FRP [29–31]. The application
process of FRP begins with cleaning the concrete surface, applying a layer of primer and
epoxy, and then laying up the FRP sheets with epoxy until the required number of lay-
ers is achieved. A variety of FRP materials have been used to retrofit BCJs, including
CFRP [32–34], GFRP [35,36], aramid fiber-reinforced polymer [37], basalt fiber-reinforced
polymer (BFRP) [38], FRP hybrid composites [39], quasi-isotropic laminates [40], and
sprayed FRP [41]. Among these composite materials, CFRP is the most common due to its
superior mechanical properties [42].

The application of CFRP has become a recognized method for strengthening or re-
habilitating existing reinforced concrete elements (RCEs). Many studies have reported
the excellent efficacy of CFRP in enhancing the flexural performance of RC beams under
monotonic loading [29,43,44]. The main elements of the CFRP-concrete bonded system
used for external reinforcement of RC structures include CFRP dry fiber sheets, adhesive,
and anchors when necessary [45]. It is generally assumed that complete composite action
occurs between the concrete elements, like beams, and the CFRP materials. However,
the bonding quality relies heavily on the shear stiffness and strength of the adhesive,
which must be sufficient to transfer shear forces between the CFRP and the concrete
substrate [46–48]. Furthermore, the bond quality is notably affected by the properties of
the concrete and the preparation of the surface.

In study conducted by Laseima et al. [49], the authors have been examined the seismic
behavior of exterior RC-BCJs strengthened with CFRP. From the obtained results and com-
pared to control specimens, the authors reported that the strengthened system improved by
62%, 209%, and 61.9% in terms of strength, energy dissipation, and ductility, respectively.
In [50], the authors examined the impact of using CFRP with different anchors on the seis-
mic performance of RC-BCJs assemblies. The results showed that the ultimate load-carrying
capacity increased by between 19 and 43.6%, depending on the anchoring configurations,
compared to the control specimens. Additionally, all strengthened specimens demonstrated
greater total energy dissipation and damping ratios than the control specimens.

In a recent study conducted by Karayannis and Golias [51], the authors investigated
full-scale RC-BCJs that were externally reinforced with CFRP ropes. The joints were
strengthened using X-shaped ropes, either singly or doubly, on each side of the joint, while
single or double straight ropes were applied to each side of the beam. The strengthened
specimens demonstrated an improved hysteretic response compared to the unstrengthened
ones. Enhancements were observed in maximum loads per loading step, stiffness, and
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energy dissipation. The maximum strength of the reinforced samples increased by 20% to
57%, depending on the number of CFRP ropes used.

In experiments conducted by Lim et al. [52], four RC-BCJs were retrofitted utilizing
two different techniques involving CFRP grids covered with engineered cementitious
composite materials and high-strength mortar. The dimensions of the retrofitted specimens
were preserved by removing the concrete cover of the joint and applying a cementitious
matrix. The results showed that the failure mode of the specimens could be modified by
redistributing the load concentration from the joint to the beam. Additionally, the overall
performance of the specimens in terms of strength improved, exhibiting greater ductility
and, therefore, delaying failure.

For instance, Atari et al. [53] strengthened ten BCJs through different types of fibers
and evaluated their influence on the ductility, durability, strength performance, and energy
dissipation capacity against earthquakes. Golias et al. [54] examined six external joints
subjected to seismic loads, where three of them were strengthened with carbon fiber
ropes of different shapes. In addition, Mady et al. [55] designed five T-shaped joints to
withstand seismic loads wherein the effects of some vital factors, like the details of the
reinforcement with carbon fiber GFRP in strengthening the performance were determined.
Bsisu and Hiari et al. [56] theoretically studied the behavior and strength of CFRPG-
reinforced joints to examine the feasibility of improving their performance against seismic
loading. Ercan et al. [57] used four different strengthening patterns for the joints to examine
their anti-seismic response. These joints were strengthened from the inside by changing
the reinforcement details and from the outside with carbon fiber CFRPCs.

In early structural designs, the significance of BCJs is frequently overlooked, making
the retrofitting of these joints crucial for structural stability. Over time, external con-
finement has proven to be one of the most effective retrofit methods. Nevertheless, its
practical application is hindered by several factors, such as the absence of comprehen-
sive guidelines for analysis, design, and confinement schemes. Few studies have exam-
ined the seismic performance of reinforced concrete structures enhanced with carbon
fiber-reinforced polymers.

Considering the basic significance of and applied interest in high-performance CBCJs,
we performed a numerical study to determine the possibility of strengthening NSCBCJs
by integrating CFRPCs. The results obtained from the numerical model simulation were
compared with the state-of-the-art experimental findings available in the literature. In
addition, more details about the selected specimens and evaluation methods are presented.
The results revealed NSCBCJ strength enhancement because of CFRPC integration, fulfilling
the compliance with the seismic requirements standard ACI 374.1-05.

2. Experimental Work

Following the recommendation of Trung et al. [58], this work selected four concrete
specimens to examine the anti-seismic behavior of the proposed NSCBCJ-integrated CBCJs.
The first specimen was designed using non-seismic details. The second specimen was
made based on the first specimen details of CFRPC to strengthen the joint, beam area,
and volume adjacent to the joint. Those specimens had identical dimensions and degrees
of reinforcement. Figure 1 illustrates the reinforcement details of specimens for the non-
seismic (NS) and seismic design (SD). The designed specimens (NS and SD) had identical
dimensions and the same number of longitudinal reinforcements. The NS specimen differed
from the SD specimen in that it lacked transverse reinforcements in the beam–column joint
region, had relatively large stirrup spacing in the beam, and featured down-bending
anchorage of beam bars away from the joints. In contrast, the SD specimen was designed
to meet the requirements for an intermediate moment frame as specified by the ACI 318-02
code [59], which included confinement reinforcement in the beam–column joint region
and relatively small stirrup spacing in the beam. Comparing the behaviors of these two
specimens under cyclic loading can reveal the impact of adequate transverse reinforcement
on the shear capacity and ductility of the joints. Figure 2a shows the experimental design
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for testing the specimens. The joint supports were fixed to the columns and beams at both
ends to indicate the inflection points in the element’s central span. Next, the joint support
was attached under the column to the strong floor. The roller support was connected at
the end of the beam to enable rotation and longitudinal movements only. In contrast, the
column base was connected to a hinge support. The load on the specimens (at the end
of the column) was applied using a 500 kN actuator. The cyclic load test was conducted
under displacement control, as described by Trung [58] in the figure below (Figure 2b).
A displacement-controlled quasi-static analysis was performed in ABAQUS using the
dynamic implicit method, which is optimal for simulating the nonlinear behavior of beam–
column joints. The default full Newton solving algorithm was utilized. The mesh was
refined to increase node points, ensuring a reasonable mesh density in the joint areas
with an acceptable aspect ratio of the elements. The two materials shared the same nodes
because the steel reinforcing truss element was connected between the nodes of each
concrete element to create an embedded bond. The embedded bond assumption used
in the structural modeling did not result in significant errors in the predicted load and
displacement response. In the CFRP specimen, full contact was simulated at the interface
between the CFRP shell elements and the solid concrete elements.
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3. Model Simulation Using Abacus
3.1. Element Type

The steel reinforcing bar and concrete are the two main components of any reinforced
CBCJs. Moreover, the key components of the retrofitted CBCJs are the concrete, steel rein-
forcement bars, and external CFRP sheet. To introduce a realistic model under cyclic force,
it is necessary to accurately replicate the real material characteristics of every component.
The ABAQUS 19 library (computer software, user’s manual, Providence, RI, Rising Sun
Mills) offers effective material models for three-dimensional (3D) continuum elements
that can simulate the actual behavior of each component with acceptable accuracy. Using
three different element types, including solid, shell, and link, various geometries were
modeled. We used a 3D eight-node linear brick element with reduced integration and
hourglass control (C3D8R) for the solid section, like concrete (Figure 3a). The linear brick
components were chosen because they can be utilized with contact, unlike the quadratic
brick elements that require more time to compute the constant nodal loads over the surface.
The truss elements T3D2 (Figure 3b) used for the steel bars were embedded in the concrete.
The discrete reinforcement bars in the CBCJ are modeled as T3D2 elements. Four-node,
doubly curved, linear, three-dimensional general-purpose shell elements with decreased
integration and hourglass control (S4R5) were used in the CFRP plate (Figure 3c). Since the
nodes of a conventional shell element are situated in a well-defined planar dimension, the
thickness of this shell element can be determined by the section properties. The conven-
tional shell elements are regarded to be more accurate in contact modelling than continuum
shell elements because they can measure strain or slip without affecting the thickness of
the CFRP composite plates. Furthermore, the conventional shell elements have exceptional
computational efficiency.

 

Fig. 3 

Figure 3. Elements used in ABAQUS to model: (a) C3D8R for concrete, (b) T3D2 for longitudinal
and transverse reinforcement, and (c) the S4R5 four-node shell for FRP.

3.2. Material Properties

In this study, the material properties used to prepare the specimens, such as concrete
compressive strength and splitting tensile strength, longitudinal reinforcement and stirrups’
yield strength, as well as the tensile strength and the elastic modulus of CRFP and epoxy,
are summarized in Table 1. Concrete is known to exhibit a high compressive strength
(CS) and low tensile strength (TS), and it is prone to fracture when subjected to tensile
loads. This is mainly due to the susceptibility of aggregates in concrete that can endure
compressive stress and, thus, allow it to carry compressive loads. However, cracks that
separate the cement particles in the aggregates are generated due to tensile stresses. The
separation of cement particles causes the entire structure to fail as cracks start propagating.
The issue with concrete can be addressed via the reinforcing of elements, such as metallic
bars or fibers. These components serve as the framework of the entire construction and
can support the aggregates when subjected to tensile forces. This process is referred to as
concrete reinforcing. The term “brittle material” might apply to concrete. The difference
in behavior between concrete and ductile materials, like steel, is due to their distinct load
responses. Brittle materials tend to develop tensile fracture perpendicular to the direction
of the largest tensile strain. Thus, the cracks tend to develop parallel to the maximum

12



Eng 2024, 5

compressive stress when a concrete specimen is subjected to a uniaxial compressive load.
In compression, the stress–strain curve of concrete being elastic can gradually reach up to
the maximum CS followed by a decrease into a softening region and eventually crushing
failure at an ultimate strain. Tao et al. [60] and Chen et al. [61] modeled the normal concrete
stress–strain relationship (Figure 4). The stress–strain characteristics of concrete can be
expressed as follows:

fc =
E0 εc

1 +
(

E0 εc
fp

− 2
)(

εc
εp

)
+
(

εc
εp

)2 (1)

where fc , εc, fp , εp, and E0 are the concrete’s corresponding stress (in MPa), strain,
maximum experimental stress (in MPa), strain at maximum experimental stress (taken as
0.002), and elastic modulus (in MPa), E0 = 4700

√
fc , respectively.
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The stress–strain curve of concrete under tension is approximately linearly elastic up
to the maximum TS. After this point, the cracks and strength of concrete decrease gradually
to zero [26,27]. The uniaxial TS of concrete can be modeled via the following equation:

ft = 1.4
(

fp − 8
10

)2/3

(2)

The damaged plasticity model in ABAQUS is characterized by the degradation of
the compression and tension. When plasticizers are introduced, the elastic stiffness of the
material decreases due to its deterioration, making it unable to restore the original elastic
stiffness. This is crucial for cyclic loading, as the two damage parameters are considered to
be dependent on the plastic strains, indicating a reduction in the elastic stiffness. Figure 5
displays the stress–strain curve for tension and compression modeled using the damage
plasticity model.
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Table 1. Concrete, steel bars, CFRP and epoxy properties.

Properties of Used Materials

Concrete

Compressive strength, MPa
Water curing 33.8

Air curing 36.5

Tensile strength, MPa
Water curing 4.0

Air curing 3.8

Steel bars Yield strength, MPa
D10 324

Ø4 459

CFRP (CF720)

Tensile strength 0◦, MPa 4965.8

Elastic modulus, GP 240.5

Elastic modulus 90◦, GPa 10

In-plane shear modulus, GPa 5

Tensile strength 90◦, MPa 50

Compressive strength 0◦, MPa 1200

Compressive strength 90◦, MPa 250

In-plane shear strength, MPa 70

Sheet thickness, mm 0.33

Major Poisson’s ratio 0.3

Density, g/cm3 1.6

Epoxy topcoat (CLR67)
Tensile strength, MPa 59.5

Elastic modulus, GP 3.7

Epoxy primer (CLR67)
Tensile strength, MPa 56.8

Elastic modulus, GP 3.7
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Figure 5. Stiffness recovery curve of concrete under tension and compression.

The element develops cracks and eventually damages the material when it experiences
a tension that surpasses its TS. This behavior can be expressed by a variable called the
damage parameter (dt). Furthermore, the behavior of the element under CS is represented
by the variable damage parameters (dc). Generally, the developed cracks do not affect the
stiffness in compression unless the degradation and compression stiffness reach the same
level as the stiffness in tension, in which the dc becomes zero. Following the experimental
results of Trung [58], this study used (in ABAQUS for the concrete material) a CS value of
33.8 MPa, a Young’s modulus of 27,324 MPa, and a Poisson’s ratio of 0.2. Five parameters
were considered to describe the Drucker–Prager flow potential yield surface that was
first developed by Lubliner et al. [62] and then upgraded by Lee et al. [63]. To accurately
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determine the values of the selected parameters, several tests were conducted in the model
wherein the default parameters of ABAQUS were used. These parameters included (1) the
dilation angle equal to 31 that denoted the volume change to shear strain ratio, (2) the
eccentricity equal to 0 when the flow potential approaches a straight line or 0.1, (3) the
initial uniaxial to biaxial CS ratio of 1.16 (Figure 6), (4) the viscosity that represented the
relaxation time of the visco-plastic system that was assumed to be zero because the BCJ
model caused a severe convergence difficulty, enabling us to improve the convergence of
the model in the softening region, and (5) the yield surface on the deviatoric plane defined
by the ratio of the second stress invariant on the tensile to the compressive meridian was
equal to 2/3.
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Figure 6. Model representing the failure surface of concrete [64].

The linear isotropic and bilinear kinematic model was applied to simulate the elastic
and inelastic behavior of the steel components in the reinforcement bar. The material
model in ABAQUS used the Young’s modulus value of 200,000 MPa and Poisson’s ratio
of 0.3 to accurately represent the behavior of steel. Following the tensile test conducted
by Trung [58], the steel material parameters utilized in the finite element models were
derived. These properties were then incorporated into the model (Table 2 and Figure 7).
An orthotropic elastic material was used to represent CFRPCs. Following the report of
Narayanan [65], the material properties were determined. The required material properties
for the 3D analysis of CFRP are displayed in Table 1. The model assumed full bonding
between CFRP and concrete.
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Table 2. Model properties of reinforcement material.

Model Number Materials Material Properties

1 Deformed steel bar (10 mm)

Linear isotropic
Young’s modulus, MPa 200,000

Poisson’s ratio 0.3

Bilinear kinematic Strain–stress, MPa

0—0

0.00162—324

0.12—420

2 Deformed steel bar (4 mm)

Linear isotropic
Young’s modulus, MPa 200000

Poisson’s ratio 0.3

Bilinear kinematic Strain–stress, MPa

0—0

0.0022—459

0.008—620

3.3. Geometry

As mentioned previously, to accurately represent the geometrical configuration and
dimensions of the test specimens’, 3D numerical models were developed. The mesh for
the beam and columns was chosen so that the solid elements’ node points could line up
with the real positions of the reinforcement. The mesh was subdivided to obtain more
node points, resulting in a reasonable mesh density in the joint areas with the acceptable
aspect ratio of the elements. The two materials shared the same nodes because the steel
reinforcing truss element was attached between the nodes of each concrete element to create
a perfect bond. It is worth noting that the perfect bond assumption used in the structural
model did not cause a significant error in the predicted load-displacement response. In the
CFRPC, the full contact was simulated at the interface between the CFRPC shell and the
concrete elements. Values for the cross-sectional area and initial strain of reinforcement
as well as the CFRP were entered. A value of zero was entered for the initial strain due
to the absence of initial stress on the reinforcement. Figure 8 illustrates the finite element
mesh and geometry of the joints. Four joints were modeled including non-seismic detail,
seismic detail, CFRPC to strengthen the NSCBCJs, and two layers of CFRPC specimens for
strengthening the NSCBCJs.
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Figure 8. 3D finite element model for the analysis of NSCBCJ- and CFRPC-integrated NSCBCJs.
(a) NSCBCJ specimen, (b) seismic specimen, (c) one and two layers of the CFRPC specimen,
(d) longitudinal and transverse reinforcement of the NSCBCJ specimen, (e) longitudinal and trans-
verse reinforcement of the seismic specimen, and (f) mesh of all models.
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3.4. Boundary Condition

The loads and limitations applied in the finite element models were identical to the
conducted test. In addition, the lateral cyclic loading was carried out at each drift ratio in
the finite element models. Herein, UX, UY, and UZ are the displacement in the direction
of x (beam axis), y (column axis), and z (displacement perpendicular to the x and y axis)
axis, respectively. The z-direction displacements were completely restrained at the top of
the column (Uz = 0) and the lateral displacements were applied in the x-axis direction. To
simulate the hinge support, the displacements in the column bottom at each direction were
restrained (Ux = Uy = Uz = 0). Additionally, the displacements in the y and z directions
were restricted (Uy = Uz = 0) at the end of the beam to indicate roller support. Figure 9
shows the boundary condition used in finite element analysis.
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4. Results and Discussion
4.1. Verification of the Finite Element Models with Experiments
4.1.1. Force versus Displacement Curves

To confirm the viability of the simulated finite element models, the force–displacement
curves of four specimens obtained in the current study were compared with the experimen-
tal findings of Trung [58] as shown in Figure 10. The finite element results were observed to
be consistent with the experimental ones (Table 3). It was asserted that the simulated finite
element model is able to predict the inelastic response of the test specimens. The observed
slight difference between the finite element model simulations and experimental results
may be due to (1) unexpected occurrences in the experimental work, (2) variables, like
the concrete’s tensile and compressive properties selection, (3) the refinement of meshes,
(4) the use of idealized boundary conditions in the finite element models, and (5) nonlinear-
ity in the materials’ behavior (materials’ properties modeled in ABAQUS).

Instead of comparing the results of every load cycle, the backbone curve should be
developed from the experimental and numerical data for each direction of loading with
unique behavior. The curve should be plotted in a single quadrant (positive force versus
positive displacement or negative force versus negative displacement; consequently, the
backbone curve created by connecting the first cycle peak points with the related displace-
ment is shown in Figure 11. The results indicated that the backbone curve (envelope curve)
obtained from the finite element analysis was in good agreement with the experimental
results, indicating a considerable correlation at all stages of the lateral cycling loading.

The results of the finite element studies showed that a total of 30 cycles at 12 different
drift levels varied from 0 to 10% applied to the specimens. The compression axial load on
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the column was not considered based on the experimental work. The total deformations
that occurred near the top end of the columns were measured with a Linear Variable
Differential Transformer as mentioned by Trung [58]. The hysteretic curves were initially
linear and elastic. With the increase in displacement, the specimens were converted into
an inelastic response due to the occurrence of pinch effects. The experimental and finite
element results proved that the NSCBJ specimens were strengthened due to the integration
of CFRPCs, displaying a good seismic behavior with endurance strength at the test end. In
short, the specimens showed maximum lateral strength and no crushing of the concrete
occurred. In addition, the observed difference in the main reinforcement bar that caused the
force–displacement curves was different in the positive and negative direction of loading
therefore it differed in the lateral resistance of the peaks.

The ideal bilinear drawing demonstrated by Paulay and Priestley and described in
Section 3.4 was used to obtain the first yield and ultimate strengths, respectively, from the
experimental ( Qye) and finite element models ( QyFEM). The ultimate strengths from the
finite element and experimental model are Que and QuFEM, respectively. The experimental
and numerical results showed that the capacity of the seismic design specimen is improved
by 32% compared to the non-seismic specimen. Also, the strengthened specimen with
one layer of CFRPC showed a maximum ultimate strength of specimen greater than the
non-seismic one because of the rise in the strength capacity of the BCJ by 28%. Finally,
the specimen strengthened with two layers of CFRPC revealed better performance when
the ultimate load reached to 11.2 kN, with an increase in ultimate load capacity by 41%
compared to the NS specimen.
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Figure 10. Comparison force–displacement curves for the non-seismic specimen (NS), seismic speci-
men (SD), strengthened one-layer CFRPC specimen, and strengthened two-layer CFRPC specimen.
(a) Experimental results of Trung [58] on NSCBCJ; (b) comparison of the proposed model results
with experiments with NSCBCJ; (c) experimental results of Trung [58] with SD; (d) comparison of
the proposed model results with experiments with SD; (e) experimental results of Trung [58] with
one-layer CFRPC; (f) comparison of the proposed model results with experiments with one-layer
CFRPC; (g) experimental results of Trung [58] on two-layer CFRPC; (h) comparison of the proposed
model results with experiments of two-layer CFRPC.

Table 3. Comparison between experimental and finite element results.

Specimen Loading
Direction

Yield Lateral Resistance (kN) Ultimate Lateral Resistance (kN)

Qye QyFEM QyFEM/Qye Que QuFEM QuFEM/Que

Non-seismic (NS)
Positive 5.40 5.925 1.09 7.3 7.9 1.08

Negative 11.70 12.9 1.10 15.76 17.2 1.09

Seismic design (SD)
Positive 7.30 7.82 1.07 9.7 10.75 1.10

Negative 13.15 13.85 1.05 16.15 18.23 1.13

Strengthened by
CFRP (one layer)

Positive 6.75 7.42 1.09 9.10 10.15 1.12

Negative 12.95 14.25 1.10 17.23 19.07 1.11

Strengthened by
CFRP (two layers)

Positive 7.95 8.4 1.05 10.6 11.20 1.06

Negative 13.80 14.35 1.04 16.80 17.80 1.06
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4.1.2. Failure Modes

To further verify the finite element models, the failure modes of four joint specimens
simulated by ABAQUS were validated by the experimental work (Figures 12–15). The
model simulation results of the failure modes were in good agreement with the experimen-
tal findings, indicating the precision of the established model calculation. According to
the experimental results of Trung [58], the failure mode of the NS specimen was the joint
shear failure with the beam and column bending cracks. Shear failure of the joint happened
because of the transverse reinforcement deficiency in the joint. The specimen designed
according to the seismic details showed the beam flexural cracks near the joint. Compared
to the non-seismic specimen, the seismic specimen developed more surface cracks in the
beam generated from the bending. The shear cracks at the joint for the specimen made with
the seismic detail were fewer, due to sufficient joint transverse reinforcement. Thus, it can
be concluded that the transverse reinforcement restricted the joint shear failure in the beam.
Rao [66] acknowledged that the failure mode in the specimen strengthened by CFRPC is
mainly due to the following factors: (1) concrete crushing in compression before the yield
of the longitudinal steel bar, (2) the steel yield in tension with the debonding of the CFRPC
sheet, (3) the steel yield in tension with the concrete crushing, and (4) the spalling of the
concrete cover.

The single-layer CFRPC-integrated specimen showed the improved strength of the
beam, column, and joint. In addition, experimental results of the CFRPC-strengthened
specimen exhibited fewer cracks because the restraint provided by the two strips [U-
shaped] reduced the T-shaped sheets’ debonding in the column. Finally, the presence
of CFRPC could debond at a large lateral displacement, classifying the failure mode as
steel yield (Figure 14c) in tension with debonding of the CFRPC sheet. The behavior of
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the specimen made with two layers of CFRPC integration was same as the single-layer
specimen, except that there was an improvement in the performance. This was mainly
due to the increased confinement of the joint and the reduced shear cracks of the joint,
meaning that the specimen attained larger lateral strength compared to the others. To
understand the joint performance more precisely, the failure mechanisms of the specimens
were assessed while taking the parameters, like concrete tensile and compressive damage,
Von-Mises’s stress of the reinforcement, and maximum principal plastic strain. In brief,
the finite element models simulated the joint nonlinear behavior appropriately. Figure 12a
clearly indicated that the NS beam–column developed joint, column, and beam tensile
damage. From the joint to the beam, the concrete exhibited tensile damage. The longitudinal
bars in the beam were found to be in tension, while yielding of the transverse joint bars
occurred. Concrete damage developed in the joint. The NS specimen failed due to extensive
cracking of the concrete at the joint as its ultimate strength was attained. Figure 12b shows
the concrete damage under compression. The concrete damage that originated from the
repeated loading was cumulative, leading to the strength and stiffness degradation. The
principal plastic strain value served as an indicator for the occurrence of cracks in the
concrete damage model. The cracks formed for the positive value of the principal plastic
strain. Figure 12d shows that the joint failed in the concrete diagonal crack region, which
refers to the same crack pattern obtained by the finite element model (Figure 12e).

Figure 13a revealed that the SD beam–column suffered from beam tensile damage
wherein the concrete’s tensile damage mostly spread in the beam. The yielding of the
longitudinal bars occurred without yielding of the transverse joint bars (Figure 13c). In
addition, the concrete’s damage developed in the joint. The failure of this specimen
occurred due to cracking of the concrete beam. The principal plastic strain showed the
formation of cracks in the beam which is very similar to the crack pattern obtained by the
finite element model (Figure 14d).

Figures 14 and 15 elucidate the finite element output and comparison between the
failure mode at ultimate strength for the specimens strengthened by one and two layers
of CFRPC. The stress contribution of the CFRPC sheet to the concrete was observed,
damaging the concrete under tension. The compression value of the CFRPC specimen was
lower compared to the NS specimen. This finding indicated that the cracks in the CFRPC-
integrated specimen were lower than the NS specimen, as mentioned above. In addition,
the maximum plastic strain distribution for the specimen was mainly concentrated at
the beam end and joint, indicating the appearance of same crack pattern as observed in
the experiment.
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Figure 12. Finite element output of the NS beam–column joint. (a) Concrete tensile damage; (b) con-
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Figure 12. Finite element output of the NS beam–column joint. (a) Concrete tensile damage;
(b) concrete compressive damage; (c) stress in the reinforcement; (d) FE crack pattern; (e) experimental
crack pattern [58].
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Figure 13. Finite element output of the seismic beam–column joint. (a) concrete tensile damage;
(b) concrete compressive damage; (c) stress in the reinforcement; (d) FE crack pattern; (e) experimental
crack pattern [58].
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Figure 14. Finite element output of the single-layer CFRPC-strengthened beam–column joint.
(a) Concrete tensile damage; (b) concrete compressive damage; (c) stress in the reinforcement;
(d) stress in the CFRP; (e) FE crack pattern; (f) experimental crack pattern [58].
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Figure 15. Finite element output of double-layer CFRPC-strengthened beam–column joint. (a) Con-

crete tensile damage; (b) concrete compressive damage; (c) stress in the reinforcement; (d) stress in 
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Figure 15. Finite element output of double-layer CFRPC-strengthened beam–column joint.
(a) Concrete tensile damage; (b) concrete compressive damage; (c) stress in the reinforcement;
(d) stress in the CFRP; (e) FE crack pattern; (f) experimental crack pattern [58].

4.2. Requirement of ACI 374.1-05

To achieve a joint that can be used in the high seismic risk area, the test results obtained
by Trung were checked with the ACI 374.1-05. According to this standard, three criteria
including energy dissipation, strength, and stiffness must be checked.
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4.2.1. Relative Energy Dissipation

To ensure that the joints have a good damping after seismic action, relative energy
dissipation at 3.5% of the drift ratio must exceed 0.125. If the beam–column joint fails to
meet this condition, the structure will experience excessive oscillation after a seismic event.
The dissipation energy in the cycle represents the elastic–plastic behavior. ACI 374.1-05
stipulates that the energy is calculated from the hysteric curve area at drift ratio of 3.5% (area
parallelogram). The parallelogram was created by two horizontal lines and four parallel
lines, with first positive stiffness on the upper parallel lines and initial negative stiffness
on the bottom parallel lines. Figure 16 shows the calculated relative energy dissipation
obtained from the definition of the parallelograms. Table 4 displays the specimens’ relative
energy dissipation ratios.

Eng 2024, 5, FOR PEER REVIEW 18 
 

 

4.2. Requirement of ACI 374.1-05 

To achieve a joint that can be used in the high seismic risk area, the test results ob-

tained by Trung were checked with the ACI 374.1-05. According to this standard, three 

criteria including energy dissipation, strength, and stiffness must be checked. 

4.2.1. Relative Energy Dissipation 

To ensure that the joints have a good damping after seismic action, relative energy 

dissipation at 3.5% of the drift ratio must exceed 0.125. If the beam–column joint fails to 

meet this condition, the structure will experience excessive oscillation after a seismic 

event. The dissipation energy in the cycle represents the elastic–plastic behavior. ACI 

374.1-05 stipulates that the energy is calculated from the hysteric curve area at drift ratio 

of 3.5% (area parallelogram). The parallelogram was created by two horizontal lines and 

four parallel lines, with first positive stiffness on the upper parallel lines and initial nega-

tive stiffness on the bottom parallel lines. Figure 16 shows the calculated relative energy 

dissipation obtained from the definition of the parallelograms. Table 4 displays the speci-

mens’ relative energy dissipation ratios. 

 

Figure 16. Relative energy dissipation parallelograms at drift ratios of 3.5% for (a) NS, (b) SD, (c) the 

one-layer CFRPC specimen, and (d) the two-layer CFRPC specimen. 

Table 4. Validation of relative energy dissipation ratios of various specimens. 

Specimen 
Drift Ratio 

(%) 

Parallelograms 

Area 

Area of Hys-

teretic Loop 
Relative Energy  

Dissipation Ratio β 

Check to Meet  

the Criteria ≥ 0.125 

NS 3.5  91.75 18.30 0.20 Ok 

SD 3.5  130.33 41.20 0.32 Ok 

1-layer CFRPC-inte-

grated 
3.5  124.64 43.87 0.35 Ok 

2-layer CFRPC-inte-

grated 
3.5  144.08 72.60 0.5 Ok 

Figure 16. Relative energy dissipation parallelograms at drift ratios of 3.5% for (a) NS, (b) SD, (c) the
one-layer CFRPC specimen, and (d) the two-layer CFRPC specimen.

Table 4. Validation of relative energy dissipation ratios of various specimens.

Specimen Drift Ratio
(%)

Parallelograms
Area

Area of
Hysteretic Loop

Relative Energy
Dissipation

Ratio β

Check to Meet
the Criteria ≥

0.125

NS 3.5 91.75 18.30 0.20 Ok

SD 3.5 130.33 41.20 0.32 Ok

1-layer
CFRPC-

integrated
3.5 124.64 43.87 0.35 Ok

2-layer
CFRPC-

integrated
3.5 144.08 72.60 0.5 Ok

The obtained relative energy ratio values in the table are above 0.125, which clearly
shows that the specimens could meet the requirement of the standard. This can be assigned
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to the design of the specimens that follow the criteria of a weak beam/strong column.
Consequently, plastic hinges can occur at the end of beam near joint, making the energy
dissipation in plastic hinge region. In addition, transverse joint reinforcement was observed
to reduce the joint shear distortion and joint cracks, resulting in higher performance
of the specimens made using seismic details compared to the non-seismic specimens.
The better energy dissipation obtained in the specimen strengthened by two layers of
CFRPC can be ascribed to the increase in the confinement of the joint by double layers of
CFRPC integration.

4.2.2. Strength Criteria

In the standard mandates, the test specimen model must adhere to the principle
of a strong column and weak beam. The maximum lateral load of the model specimen
(Emax) must be lower than λEn (where En represents the nominal strength of the specimen
calculated using a strength reduction factor of 1 and where λ is the percentage ratio of
column strength to beam strength). Trung’s test result revealed that the lateral load varies
in the positive and negative loading directions, thus necessitating separate checks for Emax
in each direction. Table 5 shows the evaluation of the strength criteria. The specimen
meets this requirement since the value of Emax was below λEn. The failure mode of NS
is the flexural crack of the beam followed by shear failure in the joint. For the CFTPC-
strengthened specimen, the crack was smaller in the retrofitted area. Thus, the obtained
values of λ indicated the occurrence of beam flexural failure in the specimen.

Table 5. Validation of maximum lateral load resistance for various specimens.

Specimen λ En (kN) λEn (kN) Emax (kN) Remarks

NS 1.31 8.4 11.00 8.65 Ok

SD 1.31 8.4 11.00 10.42 Ok

1-layer CFRPC-integrated 1.31 12.65 16.57 9.87 Ok

2-layer CFRPC-integrated 1.31 16.02 20.98 11.27 Ok

The joints must meet the requirement of the strengths degradation as specified by
the standard. The strength degradation of the joints is assessed at a drift level of 3.5%
(Table 6) and should exceed 0.75Emax for the same loading direction. The results in Table 6
showed that the NSCBCJs failed to satisfy the strength criteria. Conversely, in the specimens
strengthened by CFRPC and seismic details, the beam–column joint met the strength criteria.
The deficiency in transverse reinforcement in the joint led to a high loss of lateral resistance
capacity at a later stage. In the NS specimen, the value strength dropped dramatically by
about 58% at a drift ratio of 3.5% due to the cracking of the concrete joint. The reason for an
abrupt reduction in the strength value might be due to the bond failure of the longitudinal
reinforcement. On the contrary, the CFRPC-strengthened specimens achieved excellent
strength values due to the increased confinement provided by the CRFPC to the joint,
thereby leading to a reduction in the joint cracks and bond failure.

Table 6. Assessment of joint strength degradation at a drift level of 3.5%.

Specimen Direction
Ultimate Lateral

Force in kN

3.5% (Drift Ratio)

Force in
kN

Ratio of the
Strength

> 0.75

NS
Positive 8.56 6.30 0.73 *

Negative 16.77 15.50 0.92

SD
Positive 10.42 10.01 0.96

Negative 16.20 15.67 0.96
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Table 6. Cont.

Specimen Direction
Ultimate Lateral

Force in kN

3.5% (Drift Ratio)

Force in
kN

Ratio of the
Strength

> 0.75

1-layer CFRPC-integrated
Positive 9.87 9.58 0.97

Negative 18.23 18.00 0.98

2-layer CFRPC-integrated
Positive 11.27 10.50 0.93

Negative 17.86 17.98 0.99
* Less than the ratio of the strength.

4.2.3. Stiffness Criteria

After the seismic action, damage occurred in the frame structure during a large
lateral displacement under a small lateral load. To overcome this effect, the standard
requires that the stiffness of the joints be high (0.05) compared to the initial stiffness. The
standard requires that the criterion be checked at a drift range of −0.35% to 0.35% using
the secant stiffness, and it must meet the prescribed limitation. The initial positive and
negative stiffnesses were calculated by dividing the load per associated displacement.
Table 7 shows the results for the stiffness criterion validation of the joints, wherein the
specimens were observed to satisfy this criterion. Comparing the seismic and strengthened
specimens against the specimen made with non-seismic details against the requirement of
ACI 374.1-05 for stiffness, it was found that the non-seismic joint had lower initial and
secant stiffness due to the lack of transverse reinforcement in the joint. The specimen with
seismic details demonstrated a good performance, since this specimen was designed by
providing the reinforcement according to the requirement of the ACI 318-19, wherein the
transverse reinforcement reduces the cracks in the joints area leading to an increase in the
stiffness. This improvement was attributed to the presence of CFRPC, which enabled us
to increase the strength of the beam, column, and joint. Consequently, the stiffness was
increased. In short, the CFRMC-strengthened specimens demonstrated improvements in
their initial and secant stiffness values.

Table 7. Validation of the secant stiffness of various specimens.

Specimen Direction Drift
Ratio

δ
(mm) F (kN)

Secant
Stiffness
(kN/mm)

Initial
Stiffness
(kN/mm)

Ratio between Secant
Stiffness and Initial

Stiffness

Check to Meet
the Criteria ≥

0.05

NS
Positive

3.5
33.88 6.30 0.18 0.66 0.27 Ok

Negative 33.88 15.50 0.45 0.76 0.59 Ok

SD
Positive

3.5
33.88 10.01 0.29 1.53 0.19 Ok

Negative 33.88 15.67 0.46 1.83 0.25 Ok

1-layer
CFRPC-integrated

Positive
3.5

33.88 9.58 0.28 1.82 0.15 Ok

Negative 33.88 18.00 0.53 1.84 0.28 Ok

2-layer
CFRPC-integrated

Positive
3.5

33.88 10.50 0.31 1.70 0.18 Ok

Negative 33.88 17.80 0.53 1.71 0.31 Ok

The main remarks obtained from the data analysis can be described as follows: (1) the
CFRPC-strengthened specimens showed an increase in lateral resisting force without any
spalling of concrete; (2) compared to the non-seismic specimens, both CFRPC-strengthened
specimens displayed a good amount of energy dissipation, which was increased from 40 to
57%; (3) at the end of loading, the secant stiffness of the CFRPC-strengthened specimens
was higher than that of the non-seismic specimen, indicating an increase in their initial
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stiffness; (4) a comparative evaluation of the acceptance criteria of ACI 374-05 showed that
the specimens with seismic details achieved superior seismic performances.

4.2.4. Effective Elastic Stiffness and Displacement Capacity

The backbone curve of all specimens was developed depending on the data obtained
from the experiential study by Trung. The results were verified using the finite element
model calculation for each loading direction, revealing a unique behavior. The curve
was plotted in a single quadrant (positive force with associated positive displacement,
and negative force with associated negative displacement) and the backbone curve was
created by connecting the first cycle peak points from each drift level (Figure 17). The
backbone curve provided the information related to the peak load (Py) in each loading
direction, effective elastic stiffness (Ke), yield displacement (∆y), ultimate displacement
(∆u), and displacement ductility factor (µ). The determination of the yield displacement was
challenging due to the absence of a clear yield displacement in the load-displacement curve
of a joint. To begin with, the nonlinear capacity curve was simplified by representing it as a
bilinear curve that included a specified yield displacement. The values of

(
∆y
)

for various
specimens were calculated following the recommendation of Paulay and Priestley [67].
Figure 18 illustrates an idealized bilinear curve for the joints, which is then utilized to
derive the ductility parameters. The values of Ke were determined using the tangent line
of the secant slope from the original point and the point when the line had 0.75 of the yield
load, where ∆yi is the displacement corresponding to 0.75 Py in the ascending part of the
tangent line. The following relation must satisfy the intersection of the horizontal by trial
and error of the line drawn in the failure part to the line drawn from the original by slope
provided the ∆y.

A1 + A2 = A3 + A4 (3)
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Figure 18. Ideal bilinear load–displacement behavior of the specimen.

The specimen’s displacement ductility factor (µ) was calculated by dividing its ulti-
mate displacement by the yield displacement via the following equation:

µ =
∆u

∆y
(4)

The bilinear diagram was used to represent the backbone curve. The effective stiffness
( Ke) and the deformation capacity (∆y, ∆u, and µ) in the negative and positive loading
directions of the specimens are enlisted in Table 7. The results clearly indicated that the
ductility factor ranged from 3.10 to 6.16, which was larger than the suggested ductility for
reinforced concrete structures (µ ≥ 2) as obtained by Peng, Zhong, et al. [68]. It can be
asserted that the ductility of the specimens was higher than the suggested ductility for the
reinforced concrete type of structures. Also, the CFRPC-strengthened specimens and the
specimen with seismic details had higher ductility factors compared to the non-seismic
specimen. Table 8 shows the values for the effective stiffness (Ke) and the displacement
capacity (∆y, ∆u) in both the negative and positive loading directions for the specimen.
The effective stiffness of the CFRPC-reinforced specimens was observed to be higher than
that of the non-seismic specimen, which was mainly due to the presence of CFRPC in
the structure, leading to an enhancement in the strength performance of the specimen.
The specimen containing two layers of CFRPC showed higher effective stiffness than
the specimen designed with one layer of CFRPC. The effective stiffness of the specimen
designed with seismic details was higher than that of the non-seismic specimen. This
strength enhancement can be ascribed to the seismic reinforcement details of the specimen.

Table 8. Effective stiffness and ductility of various specimens.

Specimen Direction 0.75Py
(kN) ∆yi (mm) Ke

(KN/m)
Avg. Ke
(KN/m)

∆y
(mm)

∆u
(mm) µ

Average
µ

NS
Positive 5.47 8.77 623

745.5
11.70 45.72 3.9

3.10
Negative 11.75 13.5 870 19.70 44.79 2.3

SD
Positive 7.30 7.12 1025

973.5
9.50 45.90 4.83

3.63
Negative 13.15 14.25 922 19.10 46.55 2.43

1-layer CFRPC-integrated
Positive 6.75 6.375 1059

1262
8.50 56.03 6.59

5.95
Negative 12.95 8.80 1465 11.00 58.59 5.32

2-layer CFRPC-integrated
Positive 7.95 6.97 1140

1301
9.30 58.50 6.29

6.16
Negative 13.80 9.30 1462 9.52 57.53 6.04
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4.2.5. Damping Ratio and Energy Dissipation

Figure 19 shows the drift ratio-dependent variation in the cumulative dissipated
energy of various specimens. The energy dissipation capacity was determined using the
enclosed loop area of each specimen in the hysteresis curve. The non-seismic specimen
experienced pinching behavior during testing. This observation can be mainly attributed
to the occurrence of cracks in the joint, leading to a decrease in the energy dissipation in
the specimen. The presence of CFRPC significantly increased the energy dissipation. At the
final loading, the energy dissipation capacity of the two-layer CFRPC-integrated specimen
was approximately 43% higher than the one obtained for the non-seismic specimen. In
addition, the one-layer CFRPC-strengthened specimen showed an increase in energy
dissipation of 25% compared to the non-seismic specimen. Generally, the specimens
reinforced with CFRPC exhibited a greater ability to dissipate the energy compared to
the non-seismic specimen. In brief, the specimens reinforced with CFRPC displayed
higher flexural strength due to the presence of CFRPC material at the beam–column
junction, producing an enhanced energy dissipation. It is worth noting that the energy
dissipation was directly impacted by the presence of transverse reinforcement in the joint.
During the final loading stage, the seismic specimen exhibited an energy dissipation
capacity approximately 20% more than that of the non-seismic specimen. Essentially, the
confinement effect on the core concrete was enhanced by the transverse reinforcement,
leading to a reduction in joint cracking. In contrast, the non-seismic specimen showed a
smaller energy dissipation compared to the others until the end of the test.
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Figure 19. Drift ratio-dependent variation in the cumulative dissipated energy.

Figure 20 shows the simplified hysteresis loop that consists of the lateral load versus
the displacement. The equivalent damping coefficient (he) of the studied specimens was
calculated to evaluate the actual energy dissipation ability via the following equation:

he =
1

2π

SABC + SCDA
SOBF + SODE

(5)

where SABC is the area of the curve ABC (Figure 20), wherein similar definitions were used
for SCDA, SOBF, and SODE.

Figure 21 shows the drift ratio-dependent variation in the equivalent damping coeffi-
cient. The value of (he ) is about 0.1 for the normal reinforcement concrete joints and 0.3
for the joints with steel beam reinforcement concrete columns joints [68]. The obtained
results indicated that the joints’ capability for energy dissipation was within the range of
reinforcement concrete joints and that it was lower than that of steel beam reinforcement
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concrete column joints. In the present case, the non-seismic specimen showed lower values
of (he ) compared to other specimens, while the two-layer CFRPC-strengthened sample
showed the best performance.
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4.3. Stiffness Degradation

Figure 22 displays the drift ratio-dependent variation in the secant stiffnesses for all
the studied specimens. The degradation of the secant stiffness for the beam–column joint
in each loading cycle was computed using the following equation:

Kij =

∣∣+Fij
∣∣+
∣∣−Fij

∣∣
∣∣+∆ij

∣∣+
∣∣−∆ij

∣∣ (6)

where +Fij,
(
−Fij

)
is the positive (negative) peak load and +∆ij,

(
−∆ij

)
is the displacement

associated with the positive (or negative) ultimate lateral strength [34].
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The degradation of the secant stiffness values for all specimens increased with the
increase in drift ratio (lateral displacement) at various load steps, significantly impacting
the specimens’ stiffness degradation. The stiffness of the specimens was reduced with
the increase in the load step. The non-seismic specimen showed lower stiffness than
other specimens. Specimen strengthened by two layers of CFRPC showed higher stiffness,
since all the specimens had the same value in terms of the beam reinforcement ratio. In
essence, the confinement given by the presence of CFRPC to the beam–column joint could
mitigate the distortion of the joint panel, hence enhancing its strength and reducing crack
formation in the surrounding area. In short, CFRPC-integrated NSCBCJs showed improved
performance against seismic events.

5. Conclusions

Based on the obtained results, the following conclusions can be drawn:

i The strengthening of NSCBCJs using CFRPC reinforcement enabled us to reduce crack
formation in the plastic hinge location, thus leading to a reduced risk of building
collapse during seismic events. The plastic hinges for the frame of the reinforced
concrete building were placed near the column and beam joint.

ii The strengthening of the NSCBCJs was appropriate when assessing the behavior of
non-seismic details due to the overall lateral displacement increase that produces an
increase in ductility demand.

iii The NSCBCJs being non-ductile meant that they could display large lateral displace-
ment which can be attributed to the significant cracks and deformation of the joint
area. Consequently, the observed large lateral displacement can cause severe failure
in the frame building during strong seismic vibration.

iv The proposed NSCBCJs showed significant joint shear failure together with the beam
and column flexural failure. However, the seismic joint failure was beam flexural,
while CFRPC-integrated joints showed beam flexural failure with the debonding of
the CFRPC sheet. Since the studied joints had beam flexural strength, the lateral
load capacity difference can be mainly ascribed to the transverse reinforcement and
strengthening of the joint.

v Both seismic and CFRPC-strengthened joints revealed good strength, stiffness, ductil-
ity, and energy-dissipation capabilities.

vi Both seismic and CFRPC-strengthened joints achieved the required seismic code
provisions of ACI 374.1-05. Conversely, the NSCBCJs failed to satisfy the desired
requirement due to a failure in achieving the strength criteria.

vii The finite element model simulation results for the stress and strain response demon-
strated the considerable impact of CFRPC integration into NSCBCJs, leading to
a reasonable strength capacity enhancement in the joints, thereby reducing the
joint cracks.
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viii It is established that the present comprehensive numerical modeling and simulation
study may contribute to the development of CFRPC-reinforced high-performance
anti-seismic CBCJs, thus contributing towards the sustainable construction sector.
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Abstract: In this work, the properties of self-compacting concrete (SCC) and SCC containing 0.5 and
1% glass fibers (with lengths of 6 and 13 mm) were experimentally investigated, as well as their
performance at high temperatures. With a heating rate of 5 ◦C/min, high-temperature experiments
were conducted at 200, 400, 600, and 800 ◦C to examine mass loss, spalling, and the remaining
mechanical properties of SCC with and without glass fibers. According to the results of the flowability
and passing ability tests, adding glass fibers does not affect how workable and self-compacting SCCs
were. These findings also demonstrated that the mechanical properties of samples with and without
glass fibers rose up to 200 ◦C but then decreased at 400 ◦C, whereas the mixture containing 0.5%
glass fibers of a length of 13 mm displayed better mechanical properties. Both SCC samples with
and without glass fibers remained intact at 200 ◦C. Some SCC samples displayed some corner and
edge spalling when the temperature reached about 400 ◦C. Above 400 ◦C, a significant number of
microcracks started to form. SCC samples quickly spalled and were completely destroyed between
600 and 800 ◦C. According to the results, glass fibers cannot stop SCC from spalling during a fire.
Between 200 and 400 ◦C, there was no discernible mass loss. At 600 ◦C, mass loss starts to accelerate
quickly, and it increased more than ten times beyond 200 ◦C. The ultrasonic pulse velocity (UPV) of
SCC samples with glass fibers increased between room temperature and 200 ◦C, and the mixture
containing 0.5% glass fibers of a length of 13 mm showed a somewhat higher UPV than other SCC
mixtures until it started to decline at about 400 ◦C.

Keywords: self-compacting concrete (SCC); glass fibers; glass fiber-reinforced self-compacting con-
crete (GFR-SCC); elevated temperature

1. Introduction

A new generation of concrete has been produced as a result of recent developments in
concrete technology, including self-compacting concrete (SCC), which has superior strength,
durability characteristics, and rheology compared to freshly mixed concrete mixtures [1].
Self-compacting concrete is a type of concrete that can completely cover the formwork
by shifting under its own weight, maintaining homogeneity even when reinforcing is
employed, and then setting up without vibrating. Benefits of SCC include the ability to
cover congested and tiny areas, shorter construction timelines, lower labor costs, and less
noise pollution. Ordinary concrete has the same engineering qualities as hardened concrete;
however, hardened concrete is denser and more homogeneous [2,3].

Numerous studies have been conducted on the characteristics of SCC in the literature.
The majority of earlier articles tested the fresh SCC mixes using common workability tests
to show the concrete’s self-consolidation. Tests such as the slump cone flow, V-funnel,
J-ring, and L-box were used to examine the deformability, flowability, and passing ability
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characteristics [4,5]. Investigations were also carried out on the rheological characteristics
of SCC, including plastic viscosity and yield stress [6,7]. In addition, the mix design and
mix proportions have been examined [8,9]. The performance of SCC has also been studied
in relation to the impacts of mineral admixtures such fly ash, silica fume, metakaolin,
powdered granulated blast furnace slag, and ladle slag [10–13], as well as chemical admix-
tures like superplasticizers and viscosity-modifying admixtures [14–16]. Numerous studies
examined the microstructure and rate of hydration of the SCC [17–19].

The mechanical characteristics of SCC have been investigated by Domone [20]. He
came to the conclusion that the information gathered was sufficient to support the overall
behavior of SCC and that additional study on more specialized or corroborative evidence
for specific applications was needed. The bond strength of the reinforcing steel was exam-
ined in SCC by Foroughi et al. [21]. The SCC stability test results for cracking resistance,
shrinkage, and creep are also included in the literature [22–25]. A study [26] found that the
shrinkage, elastic modulus, and creep of SCC were comparable to the corresponding prop-
erties of normal-strength concrete. Some of the durability tests that have been examined
include those for water permeability and absorption, chloride penetration, carbonation,
gas permeability, sulfate assault, electrical resistivity, frost resistance, acid attack, and
scaling [18,27–29].

The features of SCC with the inclusion of steel, glass, and carbon nanotubes have also
been examined by researchers [30–36]. When high temperatures are applied to concrete,
the pore pressure created in thick concrete mixtures, like high-strength concrete, can be
extremely detrimental to the matrix and result in concrete failure via spalling [37]. Concrete
containing fibers lessens these adverse effects while enhancing the material’s mechanical
properties at high temperatures [38–40].

Despite the fact that SCC, high-strength concrete, and high-strength SCC are finding
increasing applications, additional research is still required to establish how well these
materials fare in fires and how long they will persist when exposed to high temperatures.
Fire resistance is a crucial criterion for building materials. One of the most important
characteristics of building materials is their capacity to prevent or postpone the spread of
excessive heat or flame. The concepts and methodology of the fire test are covered in the
publication [41]. The major reasons why a concrete element fails at high temperatures are
spalling and strength loss [42–44]. Researchers have noted the rapid spalling of SCC in
the 180–300 ◦C range, which results in the loss of important mechanical properties and is
mostly caused by the microstructure of SCC [45,46].

Comparing SCC mixes to normal concretes, the increased cement content, superplasti-
cizers, and addition of reactive components like silica fume have an impact on their design
process [4]. SCC contains about 200 kg/m3 more filler and a greater binder concentration
than conventional concrete in addition to chemical additives such fly ash, silica fume,
and ground granulated blast furnace slag (GGBFS) [47]. As a result, the permeability of
SCC is reduced, which leads to an increase in internal pressure and an increased risk of
spalling [48–53]. Pathak and Siddique’s [54] investigation into the effects of adding class F
fly ash on the mechanical properties of SCC at high temperatures (between 200 and 300 ◦C)
revealed significant mass loss accompanied by a sharp decline in splitting tensile strength
due to the escape of bound water. According to Bakhtiyari et al. [42], who investigated the
fire performance of SCC containing limestone and quartz powder in the temperature range
of 150–1000 ◦C, the temperature range of 480–650 ◦C is the most crucial range for spalling
in SCC and normal concrete, and SCC is more prone to spalling than normal concrete. SCC
showed greater mechanical property retention at a high temperature than conventional
concrete.

Despite the significant uncertainty and expanding use of self-compacting concrete
in a variety of applications, the temperature behavior of self-compacting concrete has
not been thoroughly explored, and the various steps are not entirely understood. The
purpose of this research is to evaluate the qualities of SCC created from locally available
materials in both their fresh and hardened states. In this study, the effect of glass fibers
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on the same characteristics is also taken into account. Additionally, this study tested the
compressive, flexural, and tensile strengths of self-compacting concrete samples with and
without glass fibers at elevated temperatures of up to 800 ◦C for 1 h. The practice of keeping
concrete samples in the oven for 60 min upon reaching the target temperature is essential
for achieving uniform temperature distribution, complete moisture removal, stabilization
of chemical reactions, adherence to standardized testing procedures, and ensuring thermal
stability. This methodical approach ensures the reliability and accuracy of the test results,
which are critical for evaluating the quality and performance of concrete.

2. Materials and Methods
2.1. Raw Materials

The mixture consisted of ordinary Portland cement, water, fine and coarse aggregate,
superplasticizer, silica fume, and glass fibers. The proportions of the SCC mix, as well as
the components and their amounts, are described in Table 1. Natural river sand passing
through a 5 mm sieve and fractured dolomite angular aggregates passing thru a 9.5 mm
sieve were used as fine and coarse aggregates. Figure 1 depicts the fine and coarse aggregate
particle size distributions. By cement weight, 25% silica fume was added. The silica fumes
had the following properties: 2.1 specific gravity and 172,000 cm2 specific area per gram.
The size distribution of silica fume particles is shown in Figure 2. In this experiment, a
modified polycarboxylate aqueous solution with a specific gravity of 1.19 was utilized as a
third-generation superplasticizer (Viscocrete 3425). It meets ASTM C-494 requirements [55].
The utilized glass fibers (Figure 3) were found have length of 6 to 13 mm, diameter of
13 µm, 0.91 g/cm3 density, 150 m2/kg specific surface area, 1700 MPa tensile strength,
72 GPa modulus of elasticity, and very high corrosion resistance. Tap water was used for
mixing concrete and curing.

Table 1. The SCC mixes’ ingredients (kg/m3).

Mix No. Cement
Silica
Fume

Aggregate
Water

Super-
Plasticizer

Glass Fibers

Coarse Fine 6 mm 13 mm

SCC 420 105 810.5 810.5 189 4.2 0 0

SCC-L1 420 105 779.1 779.1 189 4.2 0 9

SCC-L2 420 105 793.5 793.5 189 4.2 0 4.5

SCC-S1 420 105 779.1 779.1 189 4.2 9 0

SCC-S2 420 105 793.5 793.5 189 4.2 4.5 0
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Figure 3. The glass fiber used in preparation of the mixtures.

Five SCC mixtures were created in this project: The first SCC mix contained no fibers
(control mix), the second mix (SCC-L1) contained 1% glass fibers with a 13 mm length,
the third mix (SCC-L2) contained 0.5% glass fibers with a 13 mm length, the fourth mix
(SCC-S1) contained 1% glass fibers with a 6 mm length, and the fifth mix (SCC-S2) contained
0.5% glass fibers with a 6 mm length. The components for each mixture were 420 kg/m3

ordinary Portland cement, 1% super-plasticizer, 45% water, and 25% silica fume with 0.5 or
1% glass fibers by volume.

2.2. Mixing, Moulding, and Curing

The dense packing principle was taken into consideration when creating the mix
design for SCC samples. In dry conditions in a rotary mixer (Figure 4), Portland cement,
silica fumes, and aggregate were mixed before super-plasticizer and water were added.
Fibers were added to dry components before water was added, and then additives were
added to the SCC mixtures. Compression, tension, and bending tests were conducted using
a 100 mm cube, a 100 mm diameter by 200 mm high cylinder, and a 100 mm × 100 mm ×
300 mm prism, respectively. To verify the self-compacting properties of mixtures, necessary
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experiments were run on SCC in its fresh state. This comprised L-box and GTM screen
stability, as well as slump flow and flow velocity T50.
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Figure 4. Dry mixing in a rotary mixer.

2.3. Tests Procedure

After the sample processing period was completed and before heating in the electric
oven, the weight and speed of the ultrasonic pulse were calculated. Using an electric oven,
samples were heated at 5 ◦C/min to 200, 400, 600, and 800 ◦C. After that, the temperature
was maintained at the same level for an hour to ensure that all of the samples were the
same temperature.

After each cycle, the temperature was cooled to room temperature. The samples
were tested for compressive, tensile, and flexural strengths, as well as mass loss and
ultrasonic speed after being removed from the oven. The compressive strength test was
carried out according to ASTM C109-20 [56]. The tensile strength was tested according
to ASTM C496 [57]. ASTM C293 [58] was used to conduct the flexural strength test. The
ultrasonic pulse velocity (UPV) was determined using ASTM C597 [59]. Figure 5 shows
the compressive strength test, splitting tensile strength test, flexural strength test, electrical
furnace that was used for heating the samples, ultrasonic pulse velocity test, and scanning
electron microscope.
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3. Results and Discussion
3.1. Properties of Fresh SCC and Fresh SCC with Glass Fibers

SCC behavior is described, categorized, and evaluated in its early stages. The stated
principles indicated in guidelines like EFNARC [59] are a method of identifying SCC
behavior and determining whether it meets certain precise conditions for its use or not.
Table 2 lists the slump flow, T50, L-box, and screen stability grid test method (GTM) test
findings for the five SCC mixtures, as well as the EFNARC limits. Figures 6–8 show
the slump flow test of SCC, L-box test of SCC, and screen stability (GTM) test of SCC,
respectively. In Figures 9–12, the values of (D) reflect the largest spread diameter, T50
values represent the time needed for the concrete flowing to achieve a diameter of 0.5 m,
and (H2/H1) is a symbol for the blocking ratio. Figures 3 and 4 show D and (H2/H1) in
ascending order, whereas Figure 4 shows T50 in ascending order.

Table 2. Fresh properties of SCC mixtures with and without glass fibers.

Mix No. Slump-Flow
mm T50 cm s L-Box

(H2/H1) GTM (%)

SCC 790 2.5 0.98 11

SCC-L1 750 4.3 0.9 8

SCC-L2 650 5 0.8 6

SCC-S1 760 3.4 0.93 8.7

SCC-S2 670 4 0.85 8.3

Limit of EFNARC (2005) [60] 650–800 2–5 0.8–1.0 ≤15

Table 2 contains the workability test results for SCC samples. The flow test revealed
a decline in workability with the inclusion of glass fibers. Even when calculating T50 cm
time, it is clear that extra time is needed for laying fresh concrete. As a result, fiber addition
lowers workability and stiffens concrete. The flow value in the L-box test demonstrated a
decrease in workability with the addition of fibers.
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Figures 9–12 show that the SCC criteria mentioned in the EFNARC specifications are
met by all of the mixtures. As a result, in terms of filling and passing ability, all of the
mixtures are considered to have great homogeneity and workability. When the flow is
running or stopped, there is no segmentation or bleeding.
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The plain SCC mixture is clearly a low-viscosity concrete, whereas the mixture with
glass fibers is a high-viscosity concrete. This property is due to higher friction among
aggregate grains and fibers, as well as higher viscosity due to the addition of fiber [61].

Table 2 and Figures 9–12 show that introducing 1% glass fibers with lengths of 13 and
6 mm reduces slump flow by 5.1 and 17.7%, increases T50 by 72 and 100%, reduces L-box
by 8.2 and 18.4%, and reduces GTM by 27.3 and 45.5%, respectively. Introducing 0.5%
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glass fibers with lengths of 13 and 6 mm reduces slump flow by 3.8 and 15.2%, increases
T50 by 36 and 60%, reduces L-box by 5.1 and 13.3%, and reduces GTM by 21 and 24.5%,
respectively. This reduction in workability results from the addition of glass fibers, which
act as a buffer against mixture flow. The SCC’s characteristics are listed in Table 2, and it
can only be classified and presented as an SCC if it satisfies all the requirements. These
findings are consistent with the findings of other investigators [62,63].

3.2. Compressive Strength

The average values of three 100 mm cubes were used to calculate the compressive
strength. The compressive strength test was carried out according to ASTM C109-20 [56].
Three cubes were used to conduct this test of each mix at each step of heating. Results for
the 28-day compressive strength of SCC with and without glass fibers are shown in Table 3
and Figures 13 and 14.

Table 3. All SCC mixes’ compressive strength at 28 days of curing.

Mix No.
Compressive Strength at High Temp (MPa)

SD COV
25 ◦C 200 ◦C 400 ◦C 600 ◦C 800 ◦C

SCC 50.2 (1) 50.5 30.6 17 4.6 20.255 410.282

SCC-L1 51.8 (1) 52.3 37.3 18 6.4 20.475 419.213

SCC-L2 52.4 (1) 56.5 45 19.4 7.2 21.652 468.79

SCC-S1 50.4 (1) 51.1 36.6 19.3 6.2 19.678 387.217

SCC-S2 51.0 (1) 54 41.5 19 5.8 21.007 441.288

SD 0.932 2.425 5.437 1.024 0.953

COV 0.868 5.882 29.565 1.048 0.908

Note: The relative compressive strength of the various SCC mixtures is shown in brackets. SD is the standard
deviation, and COV is the coefficient of variation.
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Figure 13. Compressive strength of SCC mixes is affected by fiber dose at room temperatures.

The compressive strength values for SCC specimens with and without glass fibers
at room temperature are shown in Figure 13. SCC without fibers at room temperature
achieved a compressive strength value of 50.2 MPa after 28 days. Samples of SCC with glass
fibers showed an increase in compressive strength at room temperature. In comparison to
control mixes, the compressive strength of SCC containing 1% glass fibers with lengths of
13 and 6 mm increased by about 3.2 and 4.4%, respectively, while that of SCC containing
0.5% glass fibers with lengths of 13 and 6 mm increased by about 0.4 and 1.6%, respectively.
The bridging of a pre-existing crack in the interfacial transition zone (ITZ) and the addition
of fiber, which improves the interface between the hardened paste and the aggregate,
could both be responsible for this increase in strength [30]. The findings of this study are
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consistent with those of previous studies [30,64,65]. Progressive failure occurred in SCC
samples with fibers, and the fibers linked the segments. In SCC samples without fibers,
failure occurs quickly, and the cube breaks apart into several pieces. The failure pattern is
shown in Figure 15.
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Figure 14. SCC mixtures’ compressive strength at high temperature and SD (a) for each temperature
and (b) for each mix.
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Figure 15. Failure patterns of SCC samples. (a) Specimens without fibers. (b) Specimens with fibers.

The compressive strength of all the SCC samples increased when they were heated up
to 200 ◦C, reaching about 0.6% for samples without glass fibers, 1 and 7.8% for samples
containing 1% glass fibers with lengths of 13 and 6 mm, and 1.4 and 5.9% for samples
containing 0.5% glass fibers with lengths of 13 and 6 mm, respectively. Significant changes
in the compressive strength of SCC specimens were prevented at up to 200 ◦C by the
subsequent hydration of unhydrated cement particles as a result of an internal autoclaving
effect brought on by high temperature and water evaporation [66,67]. All SCC samples
showed an initial rise in compressive strength at about 200 ◦C followed by a fall at 400 ◦C. A
diminishing trend was seen after increasing the temperature from 200 to 600 ◦C, especially
for the control SCC sample. The physical and mechanical properties of the SCC samples
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with and without fibers significantly degraded at 300 ◦C. In samples heated to 600 ◦C,
mechanical characteristics were linked to physical characteristics (appearance of cracking).
Comparing samples that were left at room temperature to those that were heated to 400 and
600 ◦C, the compressive strength values of plain SCC, SCC-L1, SCC-L2, SCC-S1, and SCC-S2
decreased by approximately 39 and 66%, 28 and 65%, 27.4 and 61.7%, 14 and 63%, and 18
and 62.7%, respectively. When the temperature reached 800 ◦C, the compressive strength of
each specimen rapidly decreased, falling to 4.6, 6.4, 7.2, 6.2, and 5.8 MPa for the plain SCC,
SCC-L1, SCC-L2, SCC-S1, and SCC-S2 samples, respectively. This means that at 800 ◦C, the
samples only retained 9.2, 12.4, 13.7, 12.3, and 11.4%, respectively, of their original strength.
The loss of SCC compressive strength is related to the collapse of the interface link induced
by incompatible volume changes among aggregate and cement paste throughout heating
and cooling. Calcium hydroxide dehydrates as the temperature exceeds (400 ◦C), leading
the cement paste to expand. Most quartz-like aggregates achieve a crystalline transition at
about 600 ◦C, generating substantial concrete expansion and fracturing [36]. Additionally,
at 600 and 800 ◦C, the mechanical characteristics of all samples continued to deteriorate
due to the heat decomposition of cement components. Above 350 ◦C, the compressive
strength of lime dramatically decreased due to a substantial expansion that occurred along
with the rehydration process. Additionally, the disintegration of C-S-H gel began at about
560 ◦C, which led to a minor decline in compressive strength [67–69].

Comparing plain samples without fibers at 200, 400, 600, and 800 ◦C, compressive
strength is lower in SCC-L1 samples by about 3.6, 22, 5.9, and 39%; in SCC-L2 samples by
about 1.2, 19.6, 13.5, and 34.8% percent; in SCC-S1 samples by about 11.9, 47, 14, and 56.5%;
and in SCC-S2 samples by about 6.9, 35.6, 11.8, 26%, respectively. This could be owing to
the elevated temp altering the structure of concrete, as mentioned in the previous statement.
The findings of this study are consistent with those of previous studies [30,70].

The fibers are effective until the concrete reaches 700 ◦C, at which point concrete
becomes brittle and crumbly and loses its adhesion strength with the fibers. The degrada-
tion of cement-hydrating elements, as well as concrete expansion during heat and vapor
pressure from water gel and pores, all help in the creation of cracks [71].

3.3. Spalling

Spalling is the process of removing concrete from a structure’s surface [72,73]. The
samples are subjected to a complete visual evaluation after being subjected to extreme
temps to evaluate visible cracking and spalling on their surfaces. Figure 16 shows the
surface characteristics of SCC samples with and without glass fibers at high temps. With
temperatures at 200 ◦C, there was no visible cracking or breakage for SCC samples with
and without fibers. Around 400 ◦C, some SCC samples exhibited some spalling on the
corners and edges. Microcracks began to appear in massive amounts above 400 ◦C. Rapid
spalling occurred in SCC samples and they were fully damaged from 600 ◦C to 800 ◦C (see
Figure 17); the findings of this study confirm Kanema’s findings [74]. Low permeability in
concrete is related to a dense microstructure that prevents water vapors from dispersing
owing to heat, leading to higher pore pressure.

The glass fiber-reinforced self-compacting concrete (GFR-SCC) specimens spalled
from 300 ◦C to 400 ◦C (Figure 17), became extensively spalled from 400 ◦C to 600 ◦C, and
were fully damaged from 600 ◦C to 800 ◦C. Glass fibers cannot prevent RPC from spalling
throughout a fire, according to the findings.

Intense spalling was seen on GFR-SCC samples, most probably due to decreased
microfractures and glass fiber permeability. Low permeability combined with a thick SCC
microstructure prevents vapor from dispersing during extreme temps, leading to pore water
pressure build-up. Because of its poor permeability and thick microstructures, the mortar’s
bond strength deteriorates faster than other moderate and high-strength mortars. As a
result, the matrix’s physicochemical bonding characteristics suffer a severe loss [75]. The
spalling effect caused by a rise in temperature resulted in a decrease in SCC’s compressive
strength [76].
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Glass fibers can be used to modify pore refining in the microstructure of cement pastes
at the initial phases of combustion (200 ◦C) [77]. The microstructure photo in Figure 18a
illustrates these findings. Despite the fact that cracks appeared at 200 ◦C, the fibers were
capable of binding to the concrete structure and offering bridging effects. Around 200 ◦C,
the edge form and pointed ends of fibers could still be seen; however, at 400 ◦C, they
vanished. When glass fiber is steadily heated from the ambient temperature, it becomes
softer as the temperature rises. Glass fibers lose their shape as the temperature rises,
changing from a stable solid to a pliable phase, as shown in Figure 18b at 400 ◦C
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3.4. Splitting Tensile Strength

Table 4 displays the average results of the splitting tensile strength tests performed on
three 100 mm by 200 mm cylinders. The tensile strength was tested according to ASTM
C496 [57]. This test of each mixture at each stage of heating was performed using three
cylinders. Since concrete is often not designed to sustain direct stress, understanding the
tensile strength can aid in estimating the load which will induce fracture. Tensile splitting
strength is a crucial component in crack development and, as a result, in predicting concrete
durability. Crack-free concrete is necessary to sustain structural integrity and, in many
circumstances, avoiding corrosion [78].

Table 4. SCC mix tensile strength at 28 days of curing.

Mix
Tensile Strength at Elevated Temp (MPa)

SD COV
25 ◦C 200 ◦C 400 ◦C 600 ◦C

SCC 4.1 4.20 2.90 0.53 1.707 2.914

SCC-L1 4.5 4.70 3.1 0.80 1.797 3.229

SCC-L2 4.9 5.00 4.20 1.7 1.542 2.377

SCC-S1 4.60 4.70 3.7 1.2 1.630 2.657

SCC-S2 4.7 4.8 3.9 1.6 1.489 2.217

SD 0.297 0.295 0.546 0.503

COV 0.088 0.087 0.298 0.253

Table 4 and Figures 19 and 20 display the findings for the 28-day tensile strength of
SCC with and without glass fibers. Figure 20 displays the data for the splitting tensile
strength for SCC specimens with and without glass fibers at room temperature. After
28 days, SCC at room temperature without fibers reached a splitting tensile strength value
of 4.1 MPa. The splitting tensile strength of SCC samples containing glass fibers increased
at room temperature. SCC containing 1% glass fibers with lengths of 13 and 6 mm increased
in splitting tensile strength by about 9.8 and 19.5%, respectively, in comparison to control
mixes, while SCC containing 0.5% glass fibers with lengths of 13 and 6 mm increased by
about 12.2 and 14.6%, respectively. Increased splitting tensile strength may also be due
to improved uniformity from vibration-free manufacture. The findings of this study are
consistent with those of previous studies [65,79]. In specimens with fibers, fibers help
to hold the cylinder pieces together when they fail, preserving the integrity of the entire
component and connection. Figure 15 depicts the failure pattern.
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Figure 19. Fiber dosage affects the tensile strength of SCC mixes at room temperatures.
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Figure 20. Tensile splitting strengths of SCC mixes at temperatures ranging from 25 to 800 ◦C and SD
(a) for each temperature and (b) for each mix.

The tensile strength of each SCC sample initially increased at about 200 ◦C and then
decreased at 400 ◦C. Particularly for the control SCC sample, a decreasing trend was
observed after raising the temperature from 200 to 600 ◦C. When heated to 200 ◦C, the
tensile strength of each SCC sample increased, reaching 2.4% for SCC samples without
glass fibers, 4.4% and 2.04% for SCC samples with 1% glass fibers with lengths of 13 and
6 mm, and 2.2% and 2.1% for SCC samples with 0.5% glass fibers with lengths of 13 and
6 mm, respectively. Increased hydration of cement could be the main source of improved
tensile splitting strength whenever the temperature goes up to 200 ◦C.

Tensile strength values of plain SCC, SCC-L1, SCC-L2, SCC-S1, and SCC-S2 decreased
by roughly 29.3 and 87.1%, 31.1 and 82.2%, 19.6 and 74%, 14.3 and 65.3%, and 17 and 66%,
respectively, when samples heated to 400 and 600 ◦C were compared to samples left at
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room temperature. All SCC specimens lost all of their original tensile strength as soon
as the temperature reached 800 ◦C. The differential of thermal expansion between both
the aggregates and the cement paste and between the dry cement paste and aggregate
degradation could all play a role in the loss of strength [80].

The results show a larger improvement in tensile strength in SCC samples with glass
fibers than in samples without fibers. The increase is around 11.9, 6.9, and 51 % for SCC-L1
samples; 11.9, 27.6, and 126% for SCC-L2 samples; 19, 44.8, and 220% for SCC-S1 samples;
and 14.3, 34.5, and 202% for SCC-S2 samples, respectively, at 200, 400, and 600 ◦C. This
might be as a result of the fibers’ impact on the structure of the concrete, as demonstrated
by the strength qualities [71].

3.5. Flexural Strength

Table 5 shows the average test results of three 100 mm × 100 mm × 300 mm prisms
at 28 days of age. ASTM C293 [58] was used to conduct the flexural strength test. In this
experiment, flexural testing was carried out on a simple concrete prism. Three prisms were
used to conduct this test on each mixture at each heating step.

Table 5. SCC mix flexural strength at 28 days of curing (MPa).

Mix
At Higher Temps, Relative Flexural Strength (MPa)

SD COV
25 ◦C 200 ◦C 400 ◦C 600 ◦C

SCC 6.375 6.4 2.75 0.10 3.063 9.379

SCC-L1 8.60 8.8 4.5 0.40 3.979 15.829

SCC-L2 9.8 10.3 7.1 1.40 4.083 16.670

SCC-S1 8.6 9.75 6.9 0.64 4.061 16.490

SCC-S2 9.0 9.4 7.5 1.8 3.513 12.343

SD 1.272 1.516 2.048 0.709

COV 1.618 2.297 4.193 0.503

The results for the 28-day flexural strength of SCC with and without glass fibers are
shown in Table 5 and Figures 21 and 22. The data for the flexural strength of SCC specimens
with and without glass fibers at room temperature are shown in Figure 22. The flexural
strength of SCC at room temperature without fibers was 6.375 MPa after 28 days. At room
temperature, the flexural strength of SCC samples containing glass fibers increased. In
comparison to control mixes without fibers, the flexural strength of SCC containing 1%
glass fibers with lengths of 13 and 6 mm increased by about 34.9 and 53.7%, respectively,
while SCC containing 0.5% glass fibers with lengths of 13 and 6 mm increased by about
34.9 and 41.2%, respectively. The higher flexural strength of SCC may result from crack
restriction by fibers. The results of this study are in agreement with those of previous
studies [64,79]. When prism components in samples with fibers collapse, the fibers aid to
keep them together, maintaining the integrity of the entire member and connection. The
failure pattern is shown in Figure 15.

At roughly 200 ◦C, each SCC sample’s flexural strength began to rise, and at 400 ◦C, it
began to fall. Increasing the temperature from 200 to 600 ◦C resulted in a declining trend,
especially for the control SCC sample. The flexural strength of each SCC sample increased
when heated to 200 ◦C, reaching 0.4% for SCC samples without glass fibers, 2.3% and 5.1%
for SCC samples with 1% glass fibers with lengths of 13 and 6 mm, and 13.3 % and 4.4%
for SCC samples with 0.5% glass fibers with lengths of 13 and 6 mm, respectively. The key
factor contributing to enhanced flexural strength when the temperature reaches 200 ◦C
may be an increased hydration process. SCC samples lose their flexural strength at high
temperatures. When samples heated to 400 and 600 ◦C were compared to samples left
at room temperature, the flexural strength values of plain SCC, SCC-L1, SCC-L2, SCC-S1,
and SCC-S2 decreased by approximately 56.9 and 98.4%, 47.7 and 95.3%, 27.6 and 85.7%,

50



Eng 2024, 5

19.7 and 92.6%, and 16.7 and 80%, respectively. All SCC specimens lost all of their original
flexural strength as soon as the temperature reached 800 ◦C. This can be a result of the
concrete structure being affected by the high temperature. Cement paste expands as a result
of calcium hydroxide dehydrating at temperatures over (400 ◦C). Numerous micro- and
macrocracks formed in the samples as a consequence of the heat incompatibility among
cement paste and aggregates, lowering flexural strength [80].
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Figure 21. Fiber dosage affects the flexural strength of SCC mixes at room temperature.
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Figure 22. SCC mixes’ flexural strengths at various temperatures and SD (a) for each temperature
and (b) for each mix.

The findings reveal that SCC samples with glass fibers improved in flexural strength
more than samples without fibers. At 200 ◦C, the increase is around 37.5% for SCC-L1

51



Eng 2024, 5

samples, 60.95% for SCC-L2 samples, 52.35% for SCC-S1 samples, and 46.95% for SCC-S2
samples, respectively. This might be as a result of the fibers’ impact on concrete’s structure,
as observed by its strength properties [71].

3.6. The Mass Loss Ratio

The difference between the weights before and after heating was used to calculate
mass loss. Dehydration, thermal degradation of the cement’s components, and spalling
from the top layer were the main causes of mass loss at high temperatures [68,81,82]. High
temperatures produce cracks that spread and might possibly explode. The mass loss of the
examined SCC samples at high temperatures is shown in Figure 23.

 
(a) 

 
(b) 

Figure 23: Temperature-to-mass-loss-ratio relationship and SD (a) for each 
temperature and (b) for each mix. 

 
Figure 23. Temperature-to-mass-loss-ratio relationship and SD (a) for each temperature and (b) for
each mix.

No substantial mass loss occurred for the investigated SCC specimens between 200
and 400 ◦C; however, the evaporation of the bound water is the primary cause of the
documented low mass loss % in this temperature range [83]. However, for plain SCC, SCC-
L1, SCC-L2, SCC-S1, and SCC-S2, there is a sharp increase in mass loss at 600 ◦C. Compared
to 200 ◦C, their mass loss increased by more than ten times, reaching 7.8%, 6.2%, 6.6%, 6.8%,
and 7.0%, respectively. By raising the temperature to 800 ◦C, the mass loss of plain SCC,
SCC-L1, SCC-L2, SCC-S1, and SCC-S2 reached 9.0%, 7.6%, 8.0%, 8.2%, and 8.2%, respectively.

3.7. Ultrasonic Pulse Velocity (UPV)

The ultrasonic pulse velocity (UPV) was determined using ASTM C597 [59]. A UPV
test was used to determine how much the SCC sample degraded when exposed to high
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temperatures. In the UPV test, an ultrasonic wave is transmitted through the cube speci-
mens, and the length of time it takes for the wave to pass is measured. The uniformity and
quality of the concrete improve with increasing speed, and there are less cracks and voids.
The UPV was determined by dividing the width of a structure by the pulse’s transit time.
The quality range of the concrete sample is shown in Table 6.

Table 6. A concrete velocity-based quality evaluation criterion [84].

Pulse Velocity (km/s) Concrete Quality Grading

Above 4.5 Excellent

3.5–4.5 Good

3.0–3.5 Medium

Below 3.0 Doubtful

The UPV results of all SCC samples exposed to various high temperatures are shown in
Figure 24. Every data point is provided by an average of three SCC cube sampling tests. The
SCC’s UPV at room temperature without fibers was 4.42 km/s. The UPV of SCC samples
with glass fibers increased at room temperature, and SCC-LGF2 had a slightly higher UPV
than other SCC mixtures. The UPV of SCC containing 1% glass fibers with lengths of 13
and 6 mm increased by approximately 8.4 and 15%, respectively, when compared to control
mixes without fibers, while SCC containing 0.5% glass fibers with lengths of 13 and 6 mm
increased by approximately 5.5 and 6.5%, respectively. Increased UPV readings could
potentially be a result of better homogeneity brought on by vibration-free manufacturing.

 
(a) 

(b) 

Figure 24. Relationship between UPV and temperature and SD (a) for each 
temperature and (b) for each mix. 

 

Figure 24. Relationship between UPV and temperature and SD (a) for each temperature and (b) for
each mix.
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The UPV of each SCC sample started to increase at around 200 ◦C and started to
decrease at about 400 ◦C. A diminishing trend was seen when the temperature was raised
from 200 to 800 ◦C, especially for the control SCC sample. When heated to 200 ◦C, the UPV
of each SCC sample rose, reaching 8.1% for plain SCC samples, 7.7% for SCC-L1, 8.1% for
SCC-L2, 8.6% for SCC-S1, and 12.8% for SCC-S2, respectively. When the temperature hits
200 ◦C, an accelerated hydration process may be the main factor enhancing UPV. High
temperatures cause SCC samples to lose their UPV. The UPV values of plain SCC, SCC-L1,
SCC-L2, SCC-S1, and SCC-S2 decreased by approximately 42.5 and 70.7%, 37.4 and 71.6%,
34.2 and 70.3%, 36.6 and 68.6%, and 31.4 and 69.9%, respectively, when samples heated to
400 and 600 ◦C were compared to samples left at room temperature. The rising temperature,
which causes total physical degradation of SCC specimens, may be responsible for the low
UPV readings for samples. The rate of microcracks increased and the SCC quality decreased
at 600 ◦C, causing a higher drop in UPV values than at 200 and 400 ◦C. Microcracking has a
considerable impact on the way pulses are transmitted through concrete. As a result, as the
temperature rises, a crucial signal of material fracture is a decreasing pulse speed. Due to
the high temperatures, thermal expansion and drying of the concrete may result in fissures
forming. The pulse velocity of the SCC samples increases as a result of the fractures or
micro-pathways that lead to more cracks. Microcracks, consequently, result in a slowing of
the pulse and low UPV levels [84].

As compared to SCC samples without fibers, the results indicate a greater improve-
ment in UPV in SCC samples with glass fibers. At 200, 400, 600, and 800 ◦C, the increase is
approximately 8, 15, 6, and 11.3% for SCC-L1 samples; 15.8, 26.7, 14.6, and 21.5% for SCC-L2
samples; 5.1, 16.3, 12, and 9.2% for SCC-S1 samples; and 48, 53.6, 36.7, and 27.9% for SCC-S2
samples. The strength characteristics of the concrete, which are supported by the fibers’
influence on its structural makeup [71], may be the cause of this.

4. Effects or Spin-Offs of the Study in Practice

In practical applications, according to the results of the study, self-compacting glass
fiber concrete should be used in construction projects when subjected to elevated tem-
peratures of 200 ◦C. The addition of silica fume and glass fibers enhanced the concrete’s
performance for both SCC samples with and without glass fibers and remained intact at
200 ◦C.

5. Conclusions

Several experiments were carried out throughout this work to analyze variations in
the mechanical properties of SCC samples exposed to high temperatures up to 800 ◦C and
to investigate the effects of adding glass fibers on the SCC’s fresh and hardening properties.
The primary conclusions that can be drawn from the results of this study are as follows:

i. In terms of filling and passing ability, all SCC combinations are regarded as having
acceptable consistency and workability. The addition of glass fiber to SCC dimin-
ishes workability but it does so within the permissible limit of EFNARC. There is
neither bleeding nor segregation while the flow is running or stopped.

ii. When glass fibers were added to SCC samples, their mechanical strength rose. This
improvement in mechanical properties can be attributed to fiber influence, which
successfully inhibits the development of cracks by forming a strong relationship
between the fibers and matrix. The SCC’s mechanical strength was increased as a
result of the SCC’s improved energy absorption capacity. Additionally, fibers can
join micro- and macrofractures, delaying the spread of significant fractures and
switching the failure mode from brittle to flexible.

iii. Glass fibers were added to SCC samples to improve their mechanical strength,
and as a result, the improvements in SCC samples with glass fibers are greater
than in those samples without fibers. The influence of fibers, which successfully
prevent crack development by forming a strong bond between the fibers and matrix,
can be attributed to this improvement in mechanical qualities. As a result, the
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SCC’s capacity to absorb energy was improved, increasing its mechanical strength.
Additionally, fibers have the ability to join micro- and macrofractures, delaying the
spread of significant fractures and changing the failure mode from brittle to flexible.

iv. The mechanical properties of specimens containing glass fibers increased at up to
200 ◦C but then declined at 400 ◦C, whereas the SCC-L2 mixture exhibited better
mechanical properties.

v. SCC samples with and without fibers did not break or show any signs of visual
cracking at 200 ◦C. Some SCC samples showed some corner and edge spalling at
temperatures of about 400 ◦C. Above 400 ◦C, a large number of microcracks started
to develop. Between 600 and 800 ◦C, SCC samples experienced rapid spalling and
complete destruction.

vi. The GFR-SCC specimens cracked between 300 ◦C and 400 ◦C, spalled significantly
between 400 ◦C and 600 ◦C, and were completely destroyed between 600◦ C and
800◦C. According to the results, glass fibers cannot stop RPC from spalling over the
course of a fire.

vii. For the examined SCC specimens, there was no significant mass loss between 200
and 400 ◦C. At 600 ◦C, however, there is a rapid rise in mass loss, and this mass loss
increased by more than ten times when compared to 200 ◦C.

viii. At room temperature, the UPV of SCC samples with glass fibers grew, and SCC-L2
exhibited a somewhat higher UPV than other SCC mixes. The results show that
at 200, 400, 600, and 800 ◦C, SCC samples containing glass fibers exhibit a larger
improvement in UPV than SCC samples without fibers. At about 200 ◦C, the UPV
of each SCC sample began to rise, then at roughly 400 ◦C, it began to fall. When the
temperature was increased from 200 to 800 ◦C, UPV decreased, especially for the
control SCC sample.

6. Recommendation for Future Work

Regarding the effect of elevated temperature on GFR-SCC, the following points should
be researched.

i. The effects of glass fibers on the mechanical and thermal properties of SCC exposed
to varying periods of high temperatures.

ii. The effect of adding carbon fibers to SCC that has been exposed to high temperatures
on mechanical and thermal properties.
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Abbreviations

SCC self-compacting concrete
GFR-SCC glass fiber-reinforced self-compacting concrete
SCC-L1 mixture contains 1% glass fibers of a length of 13 mm
SCC-L2 mixture contains 0.5% glass fibers of a length of 13 mm
SCC-S1 mixture contains 1% glass fibers of a length of 6 mm
SCC-S2 mixture contains 0.5% glass fibers of a length of 6 mm
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Abstract: The aim of this research was to determine the minimal requirements for shear reinforcement
for reactive powder concrete (RPC) rectangular cross-sectional beams with a compressive strength
of 157 MPa and a steel fiber volume content of 2.0% that remained constant for all the tested beams.
Additionally, the recommendations of KCI-2012 and AFGC-2013 for the design of RPC beams as well
as the shear design requirements of ACI 314-2014 when applied to RPC beams were studied. Utilizing
a three-dimensional finite element program, a computational model was designed for forecasting
the deformations and shear strength of the examined RPC beams. Both the shear-span-to-depth
relationship (a/d) and the minimal reinforcement web ratio, represented by the distance between
stirrups and the diameter of the stirrup bars, are the key study parameters in this regard. According
to this study’s experimental findings, increasing the given reinforcement of the web ratio has little
influence on both the ultimate shear strength as well as the diagonal cracking strength of the beams.
Additionally, the findings demonstrated that the ACI 318-2014 maximum stirrup spacing requirement
of 0.5 d can safely be extended to 0.75 d for beams that are relatively short. Compared to what
ACI 318-2014 mandates, the suggestions of AFGC-2013 and KCI-2012 are more cautious and safe.
According to the AFGC-2013 criteria, the mean proportion of Vfb to projected Vu,AFGC is roughly
58.3%, whereas the mean proportion of vs. and Vc is just 41.7%. The deformation response and
ultimate shear strength of the examined RPC beams were well predicted by the designed model
using finite elements when metal fibers were taken into account.

Keywords: ACI 318-14 code; finite element model (EEM); reactive powder concrete (RPC); shear
reinforcement; RPC beam

1. Introduction

Reactive powder concrete (RPC) is a kind of concrete that was introduced as a result
of the building industry’s ongoing growth over the past few decades to serve a variety of
structural applications, offering a considerably greater level of strength and more durabil-
ity [1]. The outstanding performance of RPC is due to the microstructure improvement
processes applied to cementitious materials, including excluding coarse aggregates, us-
ing super-plasticizing agents to lower the water/cement ratio, and incorporating fibers
and cementitious components like silica fume [2–4]. RPC is being employed more and
more in applications in civil engineering owing to its excellent structural performance to
date, particularly for high-rise, long-span structures; bridges; highways; municipal transit;
etc. [5–8]. Several studies have looked into the mechanical features [9–14], fiber dispersion
features [15–20], bond efficiency [21–27], and shrinkage behaviors of RPC [28,29]. But there
is limited data in the literature regarding the shear properties of RPC deep and narrow
beams both without and with reinforcement of the web [30–36]. The design of RPC beams
is not addressed in any of the current international codes, including Eurocode 2 (EC-2) [37]
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and the ACI 318-2014 Building Code [38]. As a result, there have been several inquiries into
the minimal reinforcement for shear required for RPC beams. The first recommendations
for design for RPC construction projects were introduced in 2002 by the France Association
of Civil Engineers (AFGC)-2002 [39], and they were modified in 2013 by the AFGC-2013 [40]
so as to account for the role of steel fibers in the shearing design. In 2008, the Japan Society
of Civil Engineers (JSCE) [41] and, in 2012, the Korea Concrete Institute (KCI-2012) [42]
also made suggestions for the design of RPC beams.

Based on that, this study focuses on reporting the results of shear tests of RPC beams
provided with minimum shear reinforcement. The RPC beams’ shear design was examined
following the KCI-2012 and AFGC-2013 recommendations. Additionally, anumerical model
for predicting the RPC beams’ shear strength and deformations was created utilizing a
3-dimensional finite element program.

2. Design Guidelines for the Shear of RC Beams
2.1. Shear Design of RC Beams under ACI318-2014 Code

According to the commonly used approach for the investigated codes, the total de-
sign shear strength, Vud, is calculated as the sum of the shear sustained by the shear
reinforcement, Vs, and the concrete, Vc, i.e.,

Vud = Vc + Vs (1)

The following are the specifications for concrete’s design shear strength, Vc:

Vc = 0.17
√

f ′c bwd (2)

where bw and d are the beam’s width and depth, respectively, and f′c is the concrete’s
cylinder compressive strength in MPa. It is possible to calculate the shear strength offered
by shear reinforcement Vs by using the following formula:

Vs =

(
Av

sv

)
fyv·d (3)

where Av and fyv represent the area and required yield strength, respectively, of vertical
reinforcement on the web located within a distance between stirrups (sv). The specified
vertical web strengthening ratio (ρv = Av/bw sv) should be greater than the minimal value
(ρv,min) demanded by this code, which is equal to the higher of the two values 0.35/fyv or
(0.062 f′c/fyv).

2.2. The ACI318-2014 Code for RC Beams Specifies the Minimal Amount of Shear Reinforcement

According to this code, beams are structural members whose clear spans cannot be
more than four times the total component depth (h), or whose concentrated loads are
located at a distance of two times the distance (2h) from the face of the support, and that
satisfy these requirements.

The following are the minimal areas for the horizontal and vertical reinforcement of
the web, (Ah,min) and (Av,min), respectively:

Ah,min = 0.0025bsh (4a)

Av,min = 0.0025bsv (4b)

where b is the beam’s breadth, sh is the distance between longitudinal reinforcements that
are dispersed horizontally, and sv is the distance between vertical web reinforcements. In
order to prevent sh and sv from exceeding the minimum value of 300 mm or d/5, wherein d
is the effective depths, the reinforcement of the web needs to be designed in this way.
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2.3. Limits of Spacing for Shear Reinforcement

The shear reinforcement spacing limits are outlined in Section 9.7.6.2.2 of ACI 318-14
(2014) [38]. The highest permitted distance between stirrups (sv,max) is equal to a minimum
of 600 or 0.5 d mm; however, if the shear reinforcement’s contribution to the shear strength
is above (0.33

√
f ′c bw d), sv,max should be decreased by half. The spacing limitations

recommened by EC2 [33] are 0.75 d or 600 mm.
But the present design recommendations for RPC members do not specify the shear

reinforcement spacing limitations.

2.4. Design Recommendations for RPC Beams in Regard to Shear

The following equation shows how the design shear strength Vud of RPC is determined:

Vud = Vc + Vf b + Vs (5)

where Vs, Vc, and Vfb are the shear strengths contributed by the shear reinforcement, cement
matrix, and steel fiber, respectively.

The France Association of Civil Engineers presented the initial design recommenda-
tions for RPC in 2002 (AFGC-2002) [39] and updated them in 2013 (AFGC-2013) [40]. The
Korea Concrete Institute (KCI-2012) [36] has made a further design suggestion for RPC.

2.5. The France Association of Civil Engineers (AFGC-2013)

The cement matrix’s design shear strength Vc is specified as follows:

Vc =

(
0.21
γc fγE

)
k
√

f ′cbwd (6)

where γcf is the assumed value of 1.30 for the partial safety factor regarding fibers, k is the
factor pertaining to the situation in which pre-stressing has been applied, and γE is a safety
factor, with γcf γE being equal to 1.5. The following formula can be used to compute the
contribution of steel fibers, Vfb:

Vf b =
A f v σRd, f

tanθ
(7)

where θ is the angle between the primary compression stress and the beam axis, which can
be taken to be at least 30◦; Afv is the area of the a fiber effects, which can be taken as bw z
for rectangular sections, where z = 0.9 d; and σRd,f is the remaining tensile strength, which
can be calculated as follows:

σRd, f =

(
1

k σc f

)(
1

wlim

)∫ wlim

0
σ f (w) dw (8)

where σf(w) is a function of tensile stress and fracture breadth, where wlim = max (wu, wmax);
K is the orientation of the fiber factor, which can be considered to be equal to 1.25; and wmax
is the widest fracture possible.

The vertical shear reinforcement’s shear strength is calculated as follows:

Vs =

(
Av

sv

)
z f yv·cotθ (9)

2.6. Korea Concrete Institute (KCI-2012)

The cement matrix’s shear strength is given as follows:

Vc = 0.18 φb
√

f ′c bwd (10)
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where bw is the beam’s breath, d is the beam’s effective depth, f′c is the cylinder’s compres-
sive strength, and φb is a member reduction factor of 0.77. According to the equation below,
the steel fibers’ shear strength (Vfb) is

Vf b = φb

(
fvd

tan βu

)
bw z (11)

where βu is the angle between the diagonal tensile fracture plane and the axial direction of
the beam and must be greater than 30◦, fvd is the mean splitting tensile strength design in a
location perpendicular to the diagonal tensile break, and z is the span from the location
affected by compressive stresses to the centroid of tension steel, which is typically equal to
d/1.15. This formula is used to determine fvd’s value:

fvd =

(
1

w v

)∫ wv

0
φcσk (w) dw =

(
1

w v

)∫ wv

0
σkd (w) dw (12)

where wv is the ultimate fracture width at the area at which outer-fiber peak stress is applied;
φc is the material’s reducing factor, considered to be 0.8; σk (w) is the tensile softening curve;
wv = max (wv, 0.3 mm); and σd (w) is equivalent to φc σk (w).

The vertical shear reinforcement’s shear strength is calculated as follows:

Vs = φb

[
Av f yv( sinαs + cosαs )

sv

]
d (13)

where αs is the angle between a beam’s longitudinal direction and the shearing reinforce-
ment, Av is the cross-sectional area of the reinforcement, fyv is its design yield strength, and
sv is its spacing.

3. Materials and Methods
3.1. Materials Used

Materials utilized for this investigation include quartz sand, silica fume, cement, water,
fibers, steel reinforcing bars, and superplasticizer. In the RPC mix, Portland cement type
CEM I 52.5 N with a mean compressive strength of 53.8 MPa at 28 days, a mean specific
surface area of 3300 cm2/g, and a medium diameter of particles of 15 µm was utilized. It
was made from natural sand that was 0.5 mm in size and had a specific density of 2.65. In
addition to silica fume powder, which has a specific gravity of 2.20, a specific surface area of
170,000 cm2/g, and an average diameter of around 0.15 mm, crushed quartz powder with
an average diameter of 1 um to 100 um, a Blaine fineness of 3100 cm2/gm, and a specific
gravity of 2.85 was also utilized. All mixes contained a superplasticizer of a new generation
of polycarboxlic ether. The steel fibers employed in this investigation were a form of locally
accessible hook-ended straight fiber. The steel fibers had an equivalent diameter and length
of 13.0 mm and 2.0 mm, respectively. By performing a direct tension test, the fibers’ yield
strength and tensile strength were calculated, and the results were 550 MPa and 820 MPa,
respectively. The volume fraction of steel fibers was maintained at a consistent level of 2.0%
for each tested beam. The regular tap water that was used complied with the standards for
concrete mixing water.

3.2. Concrete Mix Proportions and Specimen Casting

Table 1 provides a summary of the mixture ratios for 1.0 m3 of RPC. A high-speed mixer
was used to combine the mixture’s contents for 10 min. Then, 75% of the water was added
to the mixer after all powders and natural sand had been dry-mixed for 2 min at low speed.
The mixer was stopped for 1 min after 2 min of mixing at low speed (140 ± 5 rpm). The
mixture was then blended for three minutes while the remaining water and superplasticizer
were added. The final step involved mixing the mixture for two minutes at high speed
(285 ± 10 rpm). For the first 24 h, concrete specimens were allowed to cure at ambient
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temperature (21 ± 2 ◦C). The samples were damp-cured up until the testing day after
demolding. This RPC mix’s cube concrete compressive strength (fcu) is 157 MPa depending
on a typical of three cube specimens, and its cylinder concrete compressive strength (f′c)
and splitting cylinder tensile strength (fsp) are 144.3 MPa and 11.9 MPa, respectively. Its
flexural strength (fr) is 39.7 MPa based on 100 mm × 100 mm × 500 mm prisms.

Table 1. Ratio of RPC mix for a cubic meter (kg/m3).

C a, kg FS b, kg QP c, kg SF d, kg W e, kg SP f, kg

760 1026 228 190 144.4 30.4
a, b, c, d, e, and f represent cement, fine sand, quartz powder, silica fume, water, and superplasticizer, respectively.

The beams were put to the test in a 200-ton loading frame. Each specimen was
equipped with enough instrumentation to determine the strains in the stirrups and longi-
tudinal bars as well as the mid-span deflection. The induction and spread of cracks were
noted, and measurements of the crack widths inside the shear span zone were made.

According to ASTM C109 [43], ASTM C496 [44], and ASTM C78 [45], the compressive
strength of 100 mm cubic molds, splitting tensile strength of the cylinder (diameter of
100 mm × depth of 200 mm), and flexural strength of 100 mm × 100 mm × 500 mm
prisms were calculated, respectively, and the average values of the three tested specimens
were adopted.

3.3. Experimental Program for the RPC Beams

Information about the test specimens can be found in Table 2. The test specimens,
which consist of five RPC beams composed of an identical concrete mixture, were subjected
to two point loads with simple supports.

Table 2. Specifications of the RPC beams that were examined in regard to shear.

Beam fcu, MPa b × h
(mm)

a/d
Ratio

Main Longitudinal
Bars

Provided Stirrups (Vertical Web
Reinforcement)

Requirements of
ACI 318-14 for sv ,max
and ρv ,min

Lower Upper sv, (mm) dv, (mm) ρv, (%) sv ,max, (mm) ρv ,min (%)

B-1 157 140 × 220 3.0 6Φ18 2Φ10 100 6 0.20 90 0.235

B-2 157 140 × 220 3.0 6Φ18 2Φ10 200 6 0.10 90 0.235

B-3 157 140 × 220 3.0 6Φ18 2Φ10 100 8 0.36 90 0.25

B-4 157 140 × 220 3.0 6Φ18 2Φ10 200 8 0.18 90 0.25

B-5 157 140 × 220 3.2 6Φ18 2Φ10 200 8 0.18 90 0.25

As presented in Figure 1, the beam specimen’s cross-section had the following dimen-
sions: a width of 140, a depth of 220 mm, and a length of 2000 mm. The appropriate a/d
ratio was achieved by varying the distance (c) between the two loads while maintaining
the beams’ effective spans, which were 1750 mm each. Six distorted 18 mm diameter bars
arranged in two layers were used as the principal longitudinal tension reinforcement of the
examined beams in order to guarantee shear failure. These bars have a yield strength of
496 MPa. Two deformed bars with a yield strength (fyl) of 410 MPa served as the compres-
sion reinforcement for the beams. Each bar was 10 mm in diameter. The yield strengths (fyv)
of stirrup bars with diameters of 6 mm and 8 mm are 330 MPa and 310 MPa, respectively.

The existing vertical reinforcement of the web was altered in the tested beams by
using different stirrup spacings (sv = 200 and 100 mm) and different bar stirrup diameters
(dv = 6 and 8 mm) so as to test the suitability of the minimal vertical reinforcement of
the web required according to ACI 318-14 when applied to RPC beams. In accordance
with ACI 318-14, sv,max is equal to the lesser of 600 mm or 0.5d, and ρv,min is equivalent
to the larger of 0.35/fy or (0.062

√
f c′/fyv), while sv,max must be decreased by half in cases
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where the shear strength given by shear reinforcement (Vs) is above (0.33
√

f c′ bd). Table 2
compares the provided vertical web reinforcement ratio (ρv = Av/(bw·sv)) of the examined
RPC beams with the minimum requirements (ρv,min) of the code, as well as the distance
between stirrups (sv) of the examined RPC beams with the highest permitted distance
between stirrups (sv,max) required by the ACI 318-2014 code. Clearly, it can be observed that
the provided area of vertical web reinforcement (Av) for all the tested beams satisfies the
minimum requirements (Av,min) of the ACI 318-2014 code. The specified stirrup spacing (sv)
of each of the examined beams, however, is significantly greater than the highest stirrup
distance (sv,max) allowed by the aforementioned code. It should be noted that the stated
stirrup spacing (sv) of all examined beams is more than double the highest stirrup spacing
(sv,max) permitted by ACI 318-2014.
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4. Analysis Software and Model Calibration

Nonlinear finite element software was utilized to perform the analysis. This R/C-
focused software features a wide variety of constitutive models for concrete, reinforcement,
metals, and robust nonlinear solvers. Hence, it meets the requirements of the analysis.
Several criteria were set to evaluate the numerical results. Primarily, it was determined
that the numerical and experimental failure modes for the R/C beam should be identi-
cal. Furthermore, numerical analysis was conducted to predict parameters such as the
maximum load (Pmax) and the corresponding displacement (δmax) but also the ultimate
load (Pu) and the corresponding displacement (δu). The final parameter was the energy
absorption capacity of the beam, which is equal to the area below the force–deflection
response curve [44,45].

4.1. Concrete and Reinforcement Constitutive Models

Utilizing the software program ABAQUS [46], a 3-dimensional nonlinear finite element
model (FEM) was utilized to forecast the overall response of the reinforced concrete beams,
including displacement, stress and strain distributions, ultimate shear stresses and modes
of failure, and crack patterns. SOLID C3D8R, a three-dimensional RC element that can
collapse under compression and fracture under tension, was used to mimic concrete. This
component is composed of eight nodes, each of which has three translational degrees of
freedom (x, y, and z). Utilizing a bar element (T2D3) inside the concrete solid 65 component,
the main and web reinforcement were modeled. It was presumed that the bar element was
embedded into the concrete solid element.

4.2. Finite Element Modelling and Analysis Procedure

Concrete was modelled using eight-node isoparametric solid elements, with each side
equal to 2 cm. Cables and reinforcement were modeled using 2-node truss elements, which
were embedded in concrete elements. Load was applied as prescribed displacement, which
was applied in small steps, in order to simulate the experimental procedure and avoid local
failures. To evaluate the force–deflection response curves of the specimens, two monitoring
points were utilized. The first was placed in the loading plate and monitored the applied
load, which was essentially the reaction of the beam to the applied displacement. The
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second was located on the bottom surface of the R/C beam, right below the first one,
and monitored the corresponding displacement. The Modified Newton–Raphson iterative
scheme was applied with appropriate convergence criteria and the maximum number of
iterations. Table 3 summarizes the concrete and reinforcement model calibrations.

Table 3. Summary of model calibrations [47].

Details

Concrete

Finite element type 8-node isoparametric solid elements

Failure mode Fracture under tension, plasticity under compression

Crack formulation Smeared

Numerical modification Shear factor reduction

Reinforcement

Finite element type 2-node truss elements

Constitutive model Uniaxial multilinear law

Modeling type Embedded reinforcement

Bond type Full reinforcement–concrete bond

5. Results and Discussion
5.1. Damage and Crack Patterns

Figure 2 provides images of the examined beams that demonstrate typically observable
fracture patterns and modes of failure. Except for the tested beam, B-3, which failed in a
compression region in the middle of the spans prior to a shear failure, all of the examined
RPC beams failed under shear.
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Figure 2. Images of the tested beams’ shear cracks.
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The ultimate strength (Pu,exp) and diagonal cracking strength (Pcr) of the examined
beams in this study are shown in Table 4. Following the development of flexural fractures
in the middle of the span, diagonal cracks often developed in the beam’s two shear spans.
The breadth of the flexural crack narrowed significantly after the formation of diagonal
shear cracks. Typically, a diagonal shear crack began abruptly in the center of the span of
a shear crack and spread toward the supports and load points as a result of an increase
in the load being applied. The already-present diagonal shear cracks only slightly spread
further as the load applied was increased, but a few new inclined cracks were also created.
Finally, the concrete fractured abruptly across the inclined crack due to shear failure. The
images demonstrate that the shear spans of the examined beams B-1, B-2, B-4, and B-5
failed due to significant concrete degradation, whereas beam B-3 fell due to crushing of
the compression zone in the middle of the span with an a/d of 3.0. According to the test
results, flexural failure may occur before shear failure when minimal reinforcement for
shear is provided within the distance of 0.5d recommended in ACI code [34]. The yielding
of shear reinforcement, however, may be seen before the yielding of flexural reinforcement
and the compression failure of beams with a distance that is higher than the minimal levels
required by code.

Table 4. Summary of the test findings for the shear-tested RPC beams.

Beam a/d 2Vcr (kN) 2Vu,exp (kN) Vcr (kN) Vu,exp (kN) Vcr
Vu,exp

Vu,exp
bd
√

f’c

B-1 3.0 130 403 65 201.5 0.323 0.638

B-2 3.0 110 369 55 184.5 0.298 0.584

B-3 3.0 170 450 85 225 0.378 0.713

B-4 3.0 120 369 60 184.5 0.325 0.584

B-5 3.2 110 310 55 155 0.355 0.491

5.2. Load–Displacement Relationships

In Figure 3, the mid-span load (P)–deflection curves for the examined RPC beams with
various a/d ratios and varying vertical web reinforcement ratios (ρv) are displayed.
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Figure 3. Mid-span load–deflection relationships for the shear-tested beams.

The beams exhibited fully elastic behavior when they were initially loaded. Overall,
the upward portion of the load–deflection curves was not significantly affected when
altering the tested beams’ ρv% when the a/d ratio was kept constant. The deflection values
of the examined beams with an equal a/d ratio and various ρv% values showed only slight
variations after being subjected to the ultimate load. Figure 3 shows that beam B-2 with an
a/d ratio of 3.0 and a supplied ρv of 0.10, the latter of which is lower than the minimum
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specified by the code, exhibits a stiffness like that of beam B-1, with the same a/d ratio but
providing a ρv of 0.20. The rigidity of the examined beams significantly decreases as the a/d
ratio rises. In comparison to beam B-4, which has an a/d ratio of 3.0, beam B-5, which has
an a/d ratio of 3.2, is less stiff.

5.3. Strain Response

The maximum bending moment in the middle of the span of the examined beams’
longitudinal steel strain revealed that the forms of tensile strain there are nearly uniform
at all load levels. All of the tested beams failed before the longitudinal bars gave way.
The tensile steel strain rose at an approximately constant rate. The longitudinal bars’
strain values were unaffected by the development of inclined diagonal shear cracks. The
longitudinal bars of the tested RPC beams’ strain measurements are roughly identical for
the same a/d ratio. Figure 4 compares the recorded strain in the stirrups’ vertical legs in the
shear span of the examined beams. As can be seen, the stirrup legs’ tensile steel strain starts
out very low and increases roughly at a consistent rate. Upon initiation of the diagonal
shear crack, the strain rate accelerates and eventually reaches the yield level just prior to
the imposed ultimate load. When the stirrup leg yields, the measured strain grows very
quickly while the load being applied decreases. At the same time, the shear crack breadth
increases rapidly till the concrete in the zone of shear is crushed. The measured strains of
the examined beams at a similar load decreased for a similar a/d ratio after enlarging the
stirrup’s diameter and decreasing the distance between stirrups.
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Figure 4. Relationship between the examined beams’ total load and strain in the stirrups’ vertical legs.

5.4. Effect of Web Reinforcement Ratio

Table 4 and Figure 5 show the impact of the given vertical reinforcements in terms of
the web ratio (ρv%) on the examined beams’ ultimate shear strength and the strength of
diagonal cracks in terms of the distance between stirrups and the diameter of the stirrups’
bars. It is evident that while diagonal cracks formed more slowly with a smaller distance
between stirrups (sv), they formed more quickly with a smaller diameter of the stirrup bars
(dv). The growth of diagonal cracks was significantly slower for beam B-1, with a 100 mm
stirrup spacing (sv), than it was for the comparable B-2 beam, with a 200 mm stirrup spacing
(sv). The emergence of diagonal cracking occurred more slowly in beam B-4, with an 8 mm
stirrup bar diameter and a 200 mm stirrup spacing (sv), than in beam B-2, with a 6 mm
stirrup bar diameter and a 200 mm stirrup spacing (sv). As can be observed, decreasing the
distance between stirrups had a greater inhibitory effect on the growth of diagonal cracks
than increasing stirrup diameter. The given stirrup spacings (sv) for all the examined RPC
beams are noticeably greater than the maximum stirrup spacing (sv,max) stipulated in the
ACI code [34]. The RPC beams strengthened using the widest possible stirrup spacing,
however, exhibited good overall performance.
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For RPC beams with relatively low heights, the sv,max requirements of ACI 318-2014
are not practically appropriate and can be safely adjusted to 0.75d instead of 0.50d. Table 3
shows that for the beams with an identical a/d ratio, the ultimate shear strength improves
marginally as the given vertical reinforcement of the web ratio (ρv%) rises. It should be
noticed that, in accordance with ACI 318-2014, the given reinforcement of the web ratio
(ρv%) for beams B-1, B-2, B-4, and B-5 is lower than the minimal web reinforcement ratio
(ρv,min). Nevertheless, excellent general performance was seen for all of the examined RPC
beams that were strengthened via reinforcement of the web ratios (ρv%) smaller than the
minimal web reinforcement ratios (ρv,min) stipulated by the ACI code. This shows that
when used with RPC beams with 2.0% steel fibers, the minimal vertical reinforcement of
the web ratio specified by the ACI code can be properly lowered.

Stirrups play a critical role in reinforced concrete (RC) beams, including those made
using reactive powder concrete (RPC). The configuration of stirrups significantly affects
the performance of RPC beams in terms of shear strength, ductility, crack control, flexural
capacity, construction considerations, and material optimization. Proper detailing and
optimization of stirrups are essential for ensuring the structural integrity and longevity of
RPC beams in various applications.

5.5. Analyzing the RPC Beam Test Results in Relation to the ACI 318-2014 Code’s Shear Requirements

The ACI 318-14 code’s shear design formulas were employed to determine the ultimate
shear strength of the examined RPC beams. It must be mentioned that Table 2 compares
the supplied web reinforcements (ρv) of the examined beams with the minimal demands
of the ACI 318-14 code, while Table 4 gives a ratio between the estimated ultimate shear
strength (Vu,cal) utilizing the ACI 318-14 code and the estimated experimental ultimate
shear strength (Vu,exp). As can be observed, the average value for the evaluated beams’
Vu,cal to Vu,exp ratio according to the ACI 318-14 code is 0.403. This shows that despite every
one of the examined beams having stirrups with a spacing (sv) significantly greater than the
maximum stirrup spacing (sv,max) required by ACI 318-14, the measured readings of Vu,exp
for all of the examined beams were significantly higher than those specified by the code.
This demonstrates that the shear strength estimation formulae established by ACI 318-14
are not suitable for RPC beams as they do not account for the significant role that steel
fibers play in providing resistance to shear stresses. It should be noted that, in accordance
with ACI 318-14, steel fibers may be utilized as the beam’s reinforcement for shear if their
normalized shear strength is more than 0.29 (for f′c ≤ MPa, d ≤ 600 mm). For all of the
examined RPC beams with a fiber percent of 2.0%, the normalized shear strength values in
Table 3 are significantly higher than 0.29, having an average value of 0.60.

69



Eng 2024, 5

5.6. Comparison of Test Results for RPC Beams with AFGC-2013 and KCI-2012
Design Recommendations

Two design suggestions have been put forth, with the first stemming from AFGC-2013
and the second from KCI-2012, to account for the role that steel fibers play in the construc-
tion of RPC structures. The ultimate shear strength of this study’s examined RPC beams
was estimated using the shearing design techniques specified in KCI-2012 and AFGC-2013,
and the results were contrasted with the experimental ultimate shearing strength shown in
Tables 5 and 6.

Table 5. Comparison of the experimental findings with the maximum shear strength specified by the
ACI 318-14 code.

Beam Vu,exp (kN)
ACI 318-14 Code

Vc (kN) Vs (kN) Vu,cal (kN) Vu,cal
Vu,exp

B-1 201.5 45.6 32.3 77.9 0.387

B-2 184.5 45.6 16.2 61.8 0.335

B-3 225 45.6 52.7 98.3 0.437

B-4 184.5 45.6 26.4 72 0.390

B-5 155 45.6 26.4 72 0.465

Table 6. Comparison of testing results and maximum shear strength computed using the RPC
design guidelines.

Beam
Vu,exp
(kN)

KCI-2012 AFGC-2013

Vc (kN) Vfb
(kN) Vs (kN) Vu,KCI

(kN)
Vu,exp
Vu,KCI Vc (kN) Vfb

(kN) Vs (kN) Vu,AFGC
(kN)

Vu,exp
Vu,AFGC

B-1 201.5 37.2 87.4 24.9 149.5 1.348 37.6 90.4 29.1 157.1 1.283

B-2 184.5 37.2 87.4 12.5 137.1 1.346 37.6 90.4 14.5 142.5 1.295

B-3 225 37.2 87.4 40.6 165.2 1.362 37.6 90.4 47.4 175.4 1.283

B-4 184.5 37.2 87.4 20.3 144.9 1.273 37.6 90.4 23.7 151.7 1.216

B-5 155 37.2 87.4 20.3 144.9 1.07 37.6 90.4 23.7 151.7 1.022

As can be observed, the average value for the examined beams’ Vu,exp and Vu,AFGC
ratios is 1.280, while the average value for their Vu,exp and Vu,KCI ratios is 1.220. This shows
that, when used for RPC beams equipped with shear reinforcement below the minimum
requirement allowed by ACI 318-14, the KCI-2012 and AFGC-2013 forecasts for the ultimate
shear strength are secure and cautious. When AFGC-2013 and KCI-2012 recommendations
were compared for all of the examined beams, it was found that there were only very
slight variations among the projections of the ultimate shear strength. In actuality, the tiny
variation in the safety parameters taken into account by each methodology is what caused
the small variance in the forecasts of the two recommendations. In accordance with the
KCI-2012 recommendations, Table 5 demonstrates that the mean percent of the forecast
contributions of the fibers of steel (Vfb) in comparison to the forecast ultimate shear strength
of the examined beams (Vu,KCI) is roughly 59.2%, while the mean percent of the forecast
contributions of the shear reinforcement (Vs) and concrete (Vc) is only 40.8%. According to
the AFGC-2013 criteria, the mean proportion of Vfb to projected Vu,AFGC is roughly 58.3%,
whereas the mean proportion of Vs to Vc is just 41.7%.

5.7. RPC Beam Analytical Modeling Utilizing Finite Element Software

The RPC was represented using a mesh of eight-node linear 3D-brick solid elements
with reduced integration (C3D8R) based on their capability to simulate the physical behav-
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ior of RPC beams [48,49] with possible nonlinearities emanating from the plastic behavior
of RPC under shear loading. Longitudinal and shear reinforcement bars were schematized
with two-node linear 3D truss elements (T3D2). To avoid stress concentrations and simulate
the experimental setup of shear tests, supports and loading points were provided with
50 mm × 100 mm × 150 mm steel plates, which were also schematized with C3D8R
element types.

To simulate the four-point bending experimental setup [50], the model was constrained
by roller and pin boundary conditions at the left and right supports, respectively (see
Figure 6). Displacement boundary conditions were applied at the loading plates with
respect to the required a/d ratio.
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Figure 6. (a) A wire-frame model reinforcement cage profile showing longitudinal and transverse
reinforcements and (b) a shaded model showing the loading and boundary condition profile with the
load applied taken to be P/2.

The tie constraint was used to define the contact interaction of the RPC beam with
the four steel plates, while the embedded region interaction property was used for the
steel reinforcing bar–RPC interaction, for both transverse and longitudinal reinforcements
(see Figure 6). After a careful mesh convergence study and taking into account node
compatibility, a mesh size of 25 mm was found to be adequate for the RPC matrix, steel
plates, and longitudinal and transverse steel reinforcement bars.

Each example was created in accordance with the size and reinforcement details. The
ABAQUS program’s documentation contains comprehensive information on FEM for steel
reinforcement and concrete. As seen in Figure 7 for B-1, the tested beams’ FEM is visible
in the corresponding figure. Nonlinear RPC and reinforcement constitutive models were
introduced in this model. Poisson’s ratio was set to 0.30, and the steel’s elastic modulus (Es)
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was assumed to be 200 GPa. It was believed that the concrete and reinforcement would
always stick together perfectly.
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According to the results of this study’s experimental tests, the following proposed
simple equation was used to determine the elasticity modulus (Ec) of RPC:

Ec = 3737
√

f ′c (14)

For the tested beams with a compressive strength (fcu) equal to 157 MPa, the normative
value of Ec is equal to 48,929.5 MPa. The Poisson’s ratio is assumed to be equal to 0.20, and
the tensile strength of RPC is considered to be 11 MPa.

The acquired results were contrasted with the outcomes for the RPC beams examined
in the current study in order to assess the precision of the nonlinear finite element model.
Table 7 compares the ultimate load, the experimental crack load, and the projected results
for the examined beams derived from the FEM. For RPC beams, the average proportion of
Vcr,exp to Vcr,NUM is equivalent to 1.034, whereas the average proportion of Vu,exp to Vu,NUM
is equivalent to 1.007. Additionally, the proportion of ∆cr,exp to ∆cr,NUM has a mean value of
0.92, while the proportion of ∆u,exp to ∆u,NUM has a mean value of 0.979. This demonstrates
that for the examined RPC beams, the FEM model can accurately predict the ultimate shear
load and the diagonal cracking load. Figure 8 displays a comparison of the empirical and
numerical load–displacement curves for the examined beams. It can be observed that the
load–displacement response of the examined RPC beams can be well predicted by the
suggested nonlinear FEM.

Table 7. Comparison of the experimental data with the numerical model using a finite element model.

Beam
Cracking Load and Ultimate Load Cracking Displacement and Maximum Displacement

Vcr,NUM
(kN)

Vcr,exp
(kN)

Vcr,exp
Vcr,NUM

Vu,exp
(kN)

Vu,NUM
(kN)

Vu,exp
Vu,NUM

∆cr,NUM
(mm)

∆cr,exp
(mm)

∆cr,exp
∆cr,NUM

∆u,exp
(mm)

∆u,NUM
(mm)

∆u,exp
∆u,NUM

B-1 72 76.5 1.06 201.5 185 1.089 0.5 0.34 0.68 1.75 1.95 0.897

B-2 51 57 1.12 184.5 178 1.037 0.48 0.4 0.83 1.85 2.1 0.881

B-3 88 83.5 0.95 225 255 0.882 0.31 0.33 1.07 2.2 1.98 1.11

B-4 58 65 1.12 184.5 174 1.06 0.24 0.26 1.08 1.78 1.88 0.947

B-5 60 55 0.92 155 160.5 0.966 0.47 0.44 0.94 2.1 1.98 1.06
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6. Conclusions

The following conclusions can be drawn from this study’s findings regarding RPC
slender beams under shear:

i The offered shear reinforcement barely affects the maximum shear strength of the
tested RPC beams with a volume content of 2.0% steel fibers. These steel fibers are
crucial in helping RPC beams endure shear loads. Despite the fact that the examined
RPC shallow beams’ vertical web reinforcement ratio was far below the smallest
proportion specified by ACI 318-14, all of the examined RPC shallow beams displayed
excellent performance in general.

ii ACI 318-14’s shear strength calculation formulas significantly understate the shear
strength of the examined RPC beams that have a minimal vertical web reinforcement
ratio. As a result, these formulas are not suitable for RPC beams as they do not account
for the significant role that steel fibers play in resisting shear stresses. For RPC beams
with relatively low heights, the highest distance between stirrups (sv,max) specified
according to the ACI 318-14 guidelines can safely be extended from 0.50 d to 0.75 d.

iii In light of the predicted ultimate shear strengths of the examined beams, the de-
sign suggestions for RPC specified by KCI-2012 and AFGC-2013 are secure and re-
strained. The ultimate shearing strength forecasts made by KCI-2012 and AFGC-2013
are roughly equivalent (the mean proportion of the experimental ultimate shear-
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ing strength and the predicted ultimate shearing strength utilizing KCI-2012 and
AFGC-2013 are approximately 1.462 and 1.446, respectively).

iv According to the AFGC-2013 criteria, the mean proportion of Vfb to projected Vu,AFGC
is roughly 58.3%, whereas the mean proportion of Vs to Vc is just 41.7%.

v The deformation response and the ultimate shear strength of the examined RPC beams
with vertical reinforcement of the web ratio much below the lowest value permitted
by the code were reliably predicted by the suggested FEM when steel fibers were
taken into account.
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Abstract: Previous studies have demonstrated that the inclusion of tire-derived aggregate (TDA)
enhances the damping, ductility, and toughness of concrete mixtures. The effectiveness of tire-derived
aggregate as a ductile material with a higher damping ratio and lower density in buckling-restrained
braces has been examined at California State University’s Structures Laboratory (CSU). Through
experimental and theoretical investigations, this study compares the structural application of buckling-
restrained braces with TDA and with conventional concrete infill subjected to various ground motions
as well as artificial excitations. The evaluations include modeling a full-scale experimental setup
equipped with a single-leg BRB utilizing ETABS 2016 and OpenSees 2000 software. The effectiveness
of the application is demonstrated through a comparison of accelerations, displacements, stiffness,
and damping ratios between TDA and concrete filling. Additionally, a design guideline for TDA-filled
buckling-restrained braced frames is provided.

Keywords: tire-derived aggregate; seismic performance; experimental; steel frame; buckling-restrained
braced frame; ductility; toughness; passive control; dynamic response

1. Introduction

Buckling-restrained braced frames (BRBFs) offer an alternative to conventional braced
frames, which have displayed poor performance during past earthquakes, including buck-
ling failure, limited ductility, fraction in connections, and asymmetric hysteresis behavior.
A typical BRBF consists of a ductile steel core embedded in concrete and encased concrete
in a steel tube to prevent brittle failure modes.

This study explores the potential of modified concrete using waste tire chips that
has a lower strength and stiffness yet a high toughness. However, when its strength falls
too low, it becomes unsuitable for construction. The potential for increased strength and
stiffness at a reduced cost by substituting waste tires in the form of fibers instead of chips
was investigated [1]. A total of 42 cylinders underwent testing for compressive strength,
split tensile strength, and modulus of elasticity. Twelve cylinders were prepared with
waste tire chips, while thirty specimens were constructed using waste tire fibers, varying in
terms of length and stiffness. The results indicated that using waste tire fibers in modified
concrete as opposed to waste tire chips leads to increased stiffness and strength. Moreover,
analytical studies confirmed that waste tire fibers could also reduce stress concentrations.
Further studies, such as beam fatigue tests, are necessary to evaluate the practical use
of rubberized concrete in constructions. Rubberized concrete showed an improved heat
transfer, but reduced sound absorption compared to standard concrete [2]. Testing involved
64 specimens with varying levels of crumb rubber as a fine aggregate replacement. The
results showed a decreased compressive and tensile strength, improved sound absorption,
and higher electrical resistivity in crumb rubber-modified blocks.

Aslani [3] investigated the effects of rubber types and content on various properties
including compressive strength, tensile strength, flexural strength, modulus of elasticity,
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strain, and stress–strain curves. The investigation of large-size TDA material showed that
the unit weight of TDA depends on placement and compaction [4]. A whole yield and
the secant friction angles of 24 and 60 were set as the upper bound and lower bound, re-
spectively. The low unit weight of these materials makes them suitable for landslide repair
and weak foundation soils. The shear behavior tests of TDA with large-size particles were
performed, and the related properties and interface shear strength against concrete were
measured [5]. The internal failure was nonlinear, with a decreasing peak secant friction an-
gle from 39.6 to 30.2. In contrast, the TDA–concrete interface failure exhibited linear failure,
with a higher initial shear stiffness than the TDA’s internal shear test. Rubberized concrete
exhibits a superior impact resistance and enhanced damping properties for cost-effective
and flexible concrete barriers, in contrast to conventional concrete. However, increased tire
chips decrease the compressive strength while improving energy absorption [6–11]. The
impact of crumb rubber concrete on the ductility of profiled steel sheeting in composite
slabs was also examined to achieve the desired performance [12].

The ductility and energy absorption capacity of RC columns by incorporating concrete
waste tire rubber with varying compressive strengths, tire rubber size, and content were
investigated [13]. Twelve column specimens were tested using two types of concrete with
a compressive strength of 24 and 28 MPa and two different crumb rubber particle sizes
(0.6 and 1 mm). The results indicated a reduction in the modulus of elasticity, compressive
strength, and compressive load capacity when using waste tire rubber in concrete. More-
over, the lateral deformations and the energy dissipation capacity of column specimens
utilizing waste tire rubber concrete were double those of the conventional concrete speci-
mens. In addition, the curvature ductility increased to 45–90% with the inclusion of 0.5–1%
waste tire particles in concrete mixtures. Other published research on rubberized concrete
reported similar characteristics when incorporating rubber content in concrete mixtures.
Increasing the rubber content resulted in decreased flexural and compression strengths
but increased ductility, damping, toughness, sound isolation, and reduced density [14,15].
Therefore, the application of ductile materials with improved damping properties, such as
tire-derived lightweight aggregate concrete, can further enhance the overall performance
of the system.

In contrast to concrete, rubber is significantly softer and can tolerate far more defor-
mation before failing. Crumb rubber consists of smaller particles, while tire chips are larger
rubber particles used to replace fine and coarse aggregate in concrete [16]. The stress–strain
curve of rubber is nonlinear, initially exhibiting a lower stiffness before increasing, while
cement paste/mortals demonstrate brittle behavior with a higher compressive strength
compared to tensile/flexural strength, following a linear stress–strain curve. Addition-
ally, the inclusion of rubber-based aggregates results in decreased mechanical parameters,
like compressive strength, tensile strength, flexural strength, and modulus of elasticity.
Consequently, concrete containing a substantial proportion of rubber aggregate exhibited
enhanced ductility compared to conventional concrete [17–22].

In the present study, the application of an innovative single-leg BRB with TDA and
concrete infill is verified against the experimental tests conducted at the Structures Labo-
ratory of California State University (CSU), Fresno. Based on the experimental tests, four
models for a BRB with TDA and concrete filling are developed using ETABS and OpenSees
software [23,24]. The models are subjected to various artificial loadings, including har-
monic, periodic, and impulse loadings, as well as different ground motion loadings. The
results allow for a comparison between the experimental and analytical studies, cover-
ing the acceleration, displacement, stiffness, and damping ratios of BRBs with TDA and
concrete infill.

2. Tire-Derived Aggregate (TDA)

Tire-derived aggregate is derived from scrap tires accessible in a standard range
of practical sizes. TDA is classified into two types, Type A (75–100 mm) and Type B
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(150–300 mm) [25]. The mechanical properties from two experimental investigations are
employed in the numerical simulations.

In the experimental study on tire-derived lightweight aggregate (TDLWA), the me-
chanical properties, including the compressive, splitting tensile, flexural strength, and
flexural toughness, and an impact flexure test of rubberized lightweight aggregate, were
investigated using 38 cylindrical and 36 beam specimens [26]. A target strength of 21 MPa
was specified, and the cylinder and beam specimens were composed of shale lightweight
coarse aggregate, natural sand fine aggregate, cement, and water. The TDA was then
incorporated into the cylinder and beam specimens via a replacement with replacement
ratios ranging from 0% to 100%. It was concluded that as the rubber content increased, the
static mechanical strength decreased, while the ductility and toughness increased. Hence,
these materials were found to be functional, particularly when energy absorption was a
critical aspect. Nevertheless, dynamic testing was limited, and further comprehensive
testing, both full-scale and small-scale, is warranted to gather more practical data.

The mechanical properties for TDA and concrete were conducted using six cylindrical
specimens (0.1 m × 0.2 m) in accordance with ASTM C39 and C78, and ASTM C496
standards [27]. The test included compression and split tensile tests, with loads applied at
rates of 0.24 MPa per second for compression and 48.9 kN per second for tensile testing.
The test results for the concrete and TDA cylinders are presented in Table 1.

Table 1. Cylinder test results for concrete and TDA [27].

Cylinder Testing Compression Strength Cylinder Testing

Conventional concrete 34.6 11.2
TDA concrete 10.6 0.36

3. Buckling-Restrained Braces

Conventional steel-braced frames are used for lateral load resistance but have shown
poor performance in past earthquakes due to factors like limited ductility and connection
fractures. An alternative, buckling-restrained braces (BRBs), consist of a ductile steel core
encased in concrete, providing the necessary yielding mechanism and the potential for
enhanced seismic resistance. Buckling-restrained braced frames (BRBFs) can be categorized
as one of the new types of seismic force-resisting systems, with the two primary bracing
configurations being single-leg and concentratedly braced frames. While a BRBF shares
some geometric similarities with a conventional CBF, it exhibits noticeable distinctions in
terms of connections, members, hysteresis behavior, and ductility. Figure 1 presents the
BRBF details [28–30].
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The primary aim of this study is to demonstrate TDA’s effectiveness as a filling
material in comparison to conventional concrete filling. Figure 2 provides the specifics of
the experimental buckling-restrained brace, with an effective length of 2.31 m (7′–7.0′′) and
a total length of 2.51 m (8′–3.0′′). The steel core cross-section, consisting of an A36 plate
measuring 6.23 cm in × 0.32 cm (2.45 in × 0.125 in), is designed to withstand a lateral load
of 27.7 kN.
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Figure 2. The experimental model of buckling-restrained brace [30].

The initial stiffness (Kin) of the buckling-restrained brace for both the TDA and concrete
fillings is determined using Equation (1), utilizing the experimental results. In this equation,
Asc represents the steel core, E stands for the modulus of elasticity, and Lwp is the work point
length, which can be predicated assuming minor angle changes. The axial deformation,
∆bx, is calculated as the product of the drift angle, qx, and the work point length, Lwp,
multiplied by sin(2α), where α represents the BRB angle. Subsequently, the yield length
ratio is computed by dividing the length of the yielding region, Ly, by the work point
length, Lwp. The initial stiffness is established based on the modulus of elasticity of the
steel core (A36) [32], resulting in a value of 71.255 kip/in for both the BRB with TDA and
concrete fillings.

kin =
AscE
Lwp

(1)

4. Experimental Setup

The setup consists of one bay in the X direction with a 2.02 m span length and two bays
in the Y direction, each spanning 0.762 m. The frame has a height of 2.44 m and utilizes
W6 × 9 and W6 × 15 (A992) for the columns and beams. Two concrete blocks, each
weighing 1035 Kg, are placed atop the frame. Lateral translation is controlled by two
wires with a 4.4 kN capacity, and the shake table measures 2.44 m × 2.06 m in the X and Y
directions. Three accelerometers were employed to measure the frame vibrations, located
at the northeast, southwest, and base of the frame (Figure 3).
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Figure 3. A 3-D and elevation view of the frame [30].

5. Loadings

The selected excitations were acquired from the Pacific Earthquake Engineering Re-
search (PEER) database [33]. The scaling of ground motions was restricted to the base
displacement of 12.17 cm (5′′) due to the limitations of the shake table. The frame was
subjected to increasing amplitude FEMA loadings [34] with varying time steps (0.00625 s,
0.003125 s, 0.0125 s) and with maximum displacements of 20.32 mm (0.80′′) and 40.46 mm
(1.60′′) in FEMA-2D. The analysis also included a 5 mm (0.2′′) frequency-increasing sweep
loading and impulse loading, as presented in Figures 4 and 5 [30].
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Figure 5. Artificial loadings history [30].

The time steps for each loading are calculated according to ASCE 41-17 [35] and FEMA
P-2208 revisions [36]; these values are tabulated in Table 2.

Table 2. Selected time steps for acceleration and displacement.

Loadings TS
(s)

T/100
(s)

T90
(s)

Selected TS-Acceleration (s)
(Min: 1 TS, T/100, T90, and

0.01s)

Selected TS-
Displacement

(s)

DUZCE 0.0050 0.0023 0.145 0.0023 0.0050
ELCENTRO 0.0050 0.0023 0.145 0.0023 0.0050

GAZLI 0.0066 0.0023 0.145 0.0023 0.0066
LOMA 0.0050 0.0023 0.145 0.0023 0.0050

TABAS 1 0.0169 0.0023 0.145 0.0023 0.0169
TABAS 2 0.004225 0.0023 0.145 0.0023 0.0042
TABAS 3 0.00845 0.0023 0.145 0.0023 0.0084
FEMA 1 0.00625 0.0023 0.145 0.0023 0.0062
FEMA 2 0.003125 0.0023 0.145 0.0023 0.0031
FEMA 3 0.0125 0.0023 0.145 0.0023 0.0125

FEMA-2D-4 0.0125 0.0023 0.145 0.0023 0.0125
Sweep 0.0125 0.0023 0.145 0.0023 0.0125

1 T is the fundamental period of the structure, and T90 is the highest mode when T reaches 90% of modal mass
participation.

6. Simulation of Experimental Model

Four numerical models were developed based on the experimental tests using ETABS
and OpenSees software [23,24]. The weight of the existing blocks is applied as two-point
loads, each with a magnitude of 2.3 kip (10.21 kN) on the middle beam (2-L1&L2) and four-
point loads, each with a magnitude of 1.15 kip (5.1 kN) on the outer beams (1&3-L1&L2).

OpenSees is open-source, object-oriented software designed for earthquake engineer-
ing. It can be used to simulate structural responses through finite element computer
applications [37–40]. The simulated experimental BRB frame with both TDA and concrete
is depicted in Figure 6.
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Figure 6. Simulation of experimental BRB frame using OpenSees software.

7. Results and Discussions

Selected roof acceleration–time diagrams for the BRB with concrete and TDA fillings,
based on the experimental findings in the tension, compression, and an average of the
tension and compression along with the analytical results from ETABS and OpenSees soft-
ware [23,24], are presented in Figure 7 (concrete filling) and Figure 8 (TDA). All diagrams
demonstrate a strong agreement between the experimental and analytical results. Figure 9
displays the maximum roof acceleration outcomes for the BRB with TDA and concrete
fillings. The highest roof acceleration for the BRB with concrete infill was observed during
the Loma Prieta ground motion, with a maximum of 0.49 g in the tension, 0.44 g in the
compression, and an average acceleration of 0.46 g (experimental) and 0.42 g (simulation).
For the frame subjected to the El Centro ground motion for the BRB with concrete infill, the
minimum acceleration recorded was 0.24 g in the tension and 0.25 g in the compression,
with an average acceleration of 0.245 g in the experimental study and a similar value of
0.23 g for the analytical work. In the case of the BRB with TDA filling, Tabas (TS-0.004225)
exhibited the highest acceleration, with 0.83 g in the tension and 0.64 g in the compression,
and an average of 0.735 g in the experimental study, compared to 0.89 g in the analytical
work. Duzce displayed the lowest acceleration for the BRB with TDA filling, with an
average of 0.075 g in the tension and compression in the experimental study and 0.08 g in
the analytical study.
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Figure 9. Selected maximum roof acceleration for BRB with concrete (left) and TDA filling (right).

Hysteresis loops of the BRB with TDA and concrete infills are presented in Figure 10.
It is evident that the BRB with TDA infill dissipates less energy compared to the BRB
with concrete infill. This observation aligns with the existing literature, indicating that the
addition of rubber content in concrete mixtures leads to reduced flexural and compressive
properties. A similar conclusion is drawn from the experimental work, which can be
attributed to the unbinding of the rubber content within concrete mixtures.
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Figure 10. Results of hysteresis curves for BRB with TDA and concrete infills subjected to Tabas
motion: TS-0.004225 (left), TS-0.00845 (right).

Figure 11 compares the backbone curves of the analytical and the experimental test for
both BRB models with TDA and concrete fillings under FEMA 4 loading. The analytical
and experimental results exhibit a consistent trend, revealing that the BRB with TDA filling
is less ductile compared to the conventional concrete.
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Figure 11. Comparison of hysteresis curves of analytical and experimental works for BRB with TDA
(left) and with concrete filling (right).

The maximum roof displacements for the BRB with TDA and concrete infills are
presented in Figure 12. The BRB frame with concrete infill showed the maximum roof
displacements of 3.08 (in) in the tension and 2.97 (in) in the compression during the Gazli
ground motion, with minimum roof displacements of 0.38 (in) and 0.28 (in) subjected to
sweep loading. Analytically, the highest and lowest displacements were 2.75 (in) for the
Gazali loading and 0.49 (in) for sweep loading. The BRB frame with TDA under the Tabas
(TS-0.00845) ground motion had the maximum displacement of 2.67 (in) in the tension and
2.3 (in) in the compression for the experimental study, and 2.7 in the analytical work. The
minimum roof displacement was 0.63 (in) in the tension and 0.43 (in) in the compression for
the experimental frame, and 0.7 (in) for the simulated work under FEMA-0.0125 loading.
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The effective stiffness is determined using a 1-inch impulse load, while system damp-
ing is derived from FEMA 4 loading based on the deformation response data. In both the
experimental and analytical setting, the average effective stiffness of the BRB with concrete
filling is 26.5 Kip/inch and 28 Kip/inch, respectively. For the BRB with TDA filling, the
effective stiffness decreases to 20 Kip/inch in the experimental work and 21 Kip/inch in the
analytical work. The damping ratios for the BRB with TDA filling exhibited a significant
increase compared to the BRB with concrete infill, as shown in Table 3. The BRB with TDA
demonstrated a notable 51% increase in damping compared to the conventional system.

Table 3. Buckling-restrained braced frame (BRBF)—damping ratio and stiffness (comparison of
experimental and analytical results).

Description

Damping Ratio (%)

Experimental Analytical

Tension Compression Tension Compression

BRBF with TDA filling 16% 26% 25% 25%
BRBF with concrete filling 13% 17% 14% 14%

Stiffness (Kip/in)

Experimental Analytical

Tension Compression Tension Compression

BRBF with TDA filling 19 21 21 21
BRBF with concrete filling 26 27 28 28

8. Design Guideline

ASCE 7 [41] establishes essential system design parameters, system-independent
criteria, seismic hazard levels, redundancy, limitations, and conditions related to structural
irregularities. AISC 341 [29] offers comprehensive design and detailing guidelines for
individual structural elements, connections, and requirements to ensure the desired ductile
behavior. In the context of a buckling-restrained braced frame (BRBF) system, the structure
is expected to withstand significant inelastic deformation demands. Therefore, ASCE 7 [41]
assigns the most prominent response modification coefficient (R = 8). The following steps
and design procedures are recommended for a BRBF system with TDA infill:

The application of ductile tire-derived lightweight aggregate concrete significantly
enhances the overall system performance. To achieve this, it is crucial to assess the me-
chanical properties of both the TDA and concrete including the compressive, flexural, and
splitting tensile strength, toughness, and modulus of elasticity, among other important
criteria, prior to the design process. This study relies on the experimental tests to determine
these mechanical properties [15,16].

The reduction factors for buckling-restrained braced frames (BRBFs) depend on the
building height and bracing configurations. To obtain more realistic results, it is recom-
mended to calculate the response modification factor using pushover response curves [35].
However, in accordance with the current American code, ASCE 7 [41], BRBFs shall be
designed based on the prescribed reduced reduction factor R. Then, select the appropriate
load combinations.

The strength of the steel core can be defined as either the actual yield stress obtained
from a coupon test or the specified minimum yield stress of the steel core. The design of
the steel core must ensure its ability to resist axial forces within the brace [27].

The analysis and design of the BRB and control inelastic design level of the BRB
strain and drift should adhere to the provisions outlined in AISC 341, ASCE 7, and ASCE
41 [29,35,41]. For the expected deformation, the greater value of either 0.02 times the story
height (hsx) or 2 times the story drift (∆x) should be considered.

Subsequently, the forces on the BRB are transferred to the connections, columns, and
beams. Therefore, the design of the beams, columns, and connections should accommodate
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the adjusted brace strength while remaining within the elastic zone. Additionally, all beam
to column joints must guarantee sufficient shear strength to handle the extra forces from
adjoining braces.

9. Conclusions

• This study compares experimental and analytical outcomes for a single-story steel
frame utilizing buckling-restrained braces filled with TDA and concrete. It demon-
strates the effectiveness of using tire-derived aggregates (TDAs) as an alternative
material. It examines the innovative buckling-restrained brace with TDA infill, con-
sidering its potential for sustainability through reduced CO2 emissions. A BRB with
TDA contributes to sustainability and improves the damping properties compared to a
conventional BRB with concrete infill. It provides numerical and experimental insights
into structural responses, enhancing the existing knowledge. This study yields the
following key conclusions:

• Analytical and experimental investigations on buckling-restrained braces (BRBs) with
TDA infill have demonstrated a 25% increase in frame damping compared to a con-
ventional BRB with a damping rate of approximately 14%. When higher damping is
required, both the experimental and analytical findings suggest the use of a BRB with
TDA infill. However, it is worth noting that a BRB with TDA filling offers a superior
damping but reduced ductility compared to regular concrete, owing to the lower
strength of TDA concrete, which cannot sufficiently delay steel core plate buckling as
conventional concrete does [30].

• In general, a BRB with TDA filling reduced acceleration by approximately 20% com-
pared to conventional concrete filling. The experimental study showed average accel-
eration values of 1.15 g with concrete and 0.91g with TDA fillings, while the analytical
study results were 1.16 g with concrete and 0.89g with TDA fillings.

• The displacement value for the frame with the BRB and concrete infill was 2.44 (in)
in the experimental and 2.26 (in) in the analytical study. Consequently, the BRB
with TDA filling exhibits a lower ductility compared to the BRB with conventional
concrete filling.

• A comparison of the hysteresis curves in both the analytical and experimental works
revealed a similar trend in the backbone curves for the BRB with TDA and concrete
infills subjected to FFEMA 4 loading. Furthermore, it was determined that the BRB
with TDA infill absorbs less energy than the BRB with concrete infill, implying a lower
ductility in the BRB with TDA infill compared to conventional concrete.

Additional experimental tests and numerical analyses in the future are necessary to
fully understand the impact of a BRB with TDAFRC infill on the system performance.
These studies may explore the potential for enhancing the ductility by incorporating fibers.
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Abstract: Groundwater pollution is a current issue that may result in considerable negative effects on
human health and the ecological balance. In the present study, the authors evaluated pollutants in
groundwater in Maricá Municipality, located on the east side of Rio de Janeiro state in Brazil. The
evaluated parameters were temperature, pH, electrical conductivity, Eh, dissolved oxygen, chlorides,
nitrates, dissolved organic carbon, total inorganic carbon, phosphates, and total and thermotolerant
coliforms. Due to the large number of evaluated points, they were divided into zones according to
the respective hydrographic basin. The local accelerated urbanization accompanying income from
oil production has led to uncontrolled population growth and associated groundwater pollution.
The results of the present study suggest that sewage pollution of Maricá groundwater is already
a significant issue. The lack of investment in basic sanitation has led to an imbalance in the local
groundwater reservoir. In certain locations of the municipality, dissolved organic carbon (DOC),
nutrient, and bacteria concentrations increase and spread in the aquifers because of domestic waste
disposal. As aquifers are the main source of freshwater for the residents, contamination of them
represents a potential threat to local public health.

Keywords: organic matter; pollution indicators; sewage; domestic pollution

1. Introduction

Groundwater is the largest global source of freshwater, representing a fundamental
reservoir for humanity that is exploited for domestic, agricultural, and industrial pur-
poses [1]. About 30% of the Earth’s population uses groundwater as drinking water [2]. It
is especially essential in arid and semi-arid areas, where rain is scarce and there are few
surface water reserves [3]. Preserving an unpolluted and renewable source of groundwater
for human demands represents one of the biggest challenges of sustainable development
for every country [4]. This is even more important in the present scenario of global warm-
ing and the consequent rise in sea levels, which may result in the salinization of several
subterranean water reservoirs located in coastal regions [5]. Additionally, uncontrolled
human occupation and agglomeration, excessive urbanization, agricultural and industrial
activities, and uncontrolled water exploitation all negatively impact groundwater quality
and availability [6].
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Groundwater contamination due to organic pollutants such as hydrocarbons and pes-
ticides and inorganic substances like heavy metals, microplastics, and endocrine disruptors
poses a substantial threat to human health [7,8]. During the last three decades, several
authors have considered the chemical pollution of groundwater [6,9–13]. Although the
major pollutants are of geologic origin, resulting from dissolution of the aquifer rock within
the Earth’s crust [14–16], the recent increase in the world’s population has led to increases
in anthropogenic contaminants. The most impacted areas are those that are experiencing
rapid economic development [17–19]. Several researchers have focused on the impact of
megacities on groundwater [20,21], but few scientists have evaluated small coastal cities,
where urbanization has recently intensified.

The Brazilian coastal area currently comprises 40% of the country’s total population.
Although some coastal cities in Brazil have moderate groundwater demand, the constant
population increase tends to intensify groundwater exploitation [22]. Because of the recent
discovery of the huge petroleum reservoir in the oceanic pre-salt layer and oil production
expansion, certain Brazilian municipalities located on the southeast coastal zones have
benefited from fees charged by the oil extraction industry and are now facing new social
and environmental impacts [23]. One of the main results is exponential migration and the
resulting increase in population accompanying new job opportunities. This has occurred in
the coastal city of Maricá.

The present study provides a diagnosis and spatial groundwater chemical and micro-
biological characterization of wells from sedimentary and fissured aquifers in this recently
urbanized coastal area. It discusses contamination and salinization of aquifers, identifying
patterns that may be occurring in many recently urbanized coastal regions in Brazil. One of
the main objectives of the present study is, through the assessment of groundwater quality
in the coastal municipality of Maricá, to inquire about whether the royalty payments from
the oil industry to these municipalities have helped mitigate secondary socio-environmental
impacts arising from oil production or whether these same payments have generated new
problems, particularly in water quality, due to the local population increase resulting from
the pursuit of new income opportunities.

2. Study Site

Maricá is a municipality of the Rio de Janeiro metropolitan area, located on the
Atlantic coast. Its geology is marked by the presence of metamorphic, igneous, and
sedimentary rocks, with great geodiversity. It includes the Jaconé beachrocks, whose
sedimentary formations were described by Darwin and are considered natural heritage of
high geological, environmental, landscape, and cultural relevance.

The coastal geomorphology of Maricá presents an ecologically important lagoonal
system, composed of four main lagoons and two sandy barriers that isolate the coastal
system from the adjacent sea. Its sedimentary history, architecture, and evolution took
place in the Quaternary. It is composed of six lithological units forming three sedimentary
sequences compartmented by erosive surfaces [24]. As for the geological aspects, the
coast located to the west of the Cabo Frio point undergoes a sudden inflection, having an
east–west alignment, and is called the Coastal Cords coast [21]. In structural terms, it is
part of a geological complex composed predominantly of granite and gneiss, represented
in the landscape by coastal massifs.

The aquifers found in the area are of the granular type, comprising heterogeneous
alluvial deposits and portions of soil and weathered rock. Alluvial sediments are composed
predominantly of quartz sands and, subordinately, silty and clayey soils, which occur in
the vicinity of the lagoons. These are due to the formation of the coastal lowland during the
last transgression and regression movements in the Holocene, between 5000 and 7000 years
ago. The coastal lowland is formed by lateral variations parallel to the coastline, with
sandy highs and low vegetation typical of restinga and sandy-clay wetlands. These make
up the marshes and mangroves in the region. The underground water horizon level is
generally near the soil surface, at depths from a few centimeters to a few meters. In the
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area of the sands, which corresponds to the shallowest places, the water is generally less
brackish than in the swampy lowlands [25]. The municipality has groundwater as its main
source of freshwater. With the growing demand for water resources underground, supply
and contamination problems are expected, in addition to the phenomenon of seawater
intrusion in these aquifers. The groundwater resource in the target area has been suffering
degradation in its quality in response to the advance of the marine saline wedge, brought
about by excessive uncontrolled pumping and organic pollution [25].

3. Methodology

A total of 124 groundwater samples were collected through pre-installed wells already
in use by the population in the plain area of the Maricá Basin (Figure 1) during the winter
season. The points were divided into nine zones with different urban occupation degrees
and with different hydrographic basins. All of the groundwater samples were kept in a
portable refrigerator and transported back to the lab at 4 ◦C to be analyzed within one week.
Chemical examination of the groundwater included determination of the temperature,
pH, electrical conductivity, Eh, turbidity, dissolved oxygen, dissolved solids, chlorides,
nitrates, dissolved organic carbon, dissolved inorganic carbon, phosphates, and total and
thermotolerant coliforms. Proper sampling techniques and handling were used to produce
high-quality data. Brown glass sampling bottles, which had been previously cleaned with
deionized water, underwent a triple rinse with water collected from each sampling location
before being used for sampling. Each rinsing cycle utilized a volume of 2.5 L. Subsequently,
these bottles were transported to the laboratory within 24 h for preliminary processing.
The water samples were analyzed in accordance with the testing procedures outlined in
the Groundwater Quality Standard (GB/T 14848-2017 [26]).
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The first five parameters (temperature, pH, electrical conductivity, Eh, dissolved
oxygen) were measured in situ using a multiparameter Horiba U10 probe. The chloride
analysis used back titration with potassium thiocyanate. Dissolved organic carbon (DOC)
was determined via the method defined by Van Hall et al. [27]. Interferences from particu-
late carbon and inorganic carbon were removed before analysis via filtration through glass
fiber filters and sparging with CO2-free gas after acidification of the sample [28]. Phosphate
and nitrate were analyzed via colorimetric methods.

To determine bacterial levels, water samples were plated on mFC (membrane fecal
coliform agar) and typical colonies identified as E. coli with EC-MUG (Escherichia coli-
methylumbelliferyl-β-D-glucuronide) medium. The 124 samples obtained during the
present study were also evaluated directly for E. coli through modified mTEC (membrane
thermotolerant Escherichia coli) agar [29].

Data for all parameters were tested for homoscedasticity and normality before being
submitted to one-way ANOVA (variance analyses) to test whether there was a statistical
difference between the zones. The Tukey test was used to compare average values when
necessary. Pearson’s correlation analysis was performed between the total coliform data
and the other parameters. All statistical analyses were performed using the GraphPrism
8.0 software (GraphPad Software—v.10.0.3), accepting 5% variation as significant.

4. Results and Discussion

The chemical constitution of groundwater is directly influenced by the composition
of the water percolating the soil, as well as the resulting by-products and kinetically
controlled reactions within the aquifer basin and overlying subsoil coverage [30]. As a
universal solvent, water mobilizes minerals from the soil and bedrock with which it comes
into contact. The physicochemical characteristics of drinking water, on the other hand
(temperature, pH, dissolved oxygen levels, conductivity, turbidity, organic matter and NH3,
potential contaminants and other chemical constituents), eventually impact its portability,
in some cases influencing consumers’ health, possibly as a result of the survival of harmful
microorganisms [31].

Surface water temperature controls the metabolism of the aquatic ecosystem. For in-
stance, relatively high water temperatures may reduce its ability to hold essential dissolved
gasses like oxygen, potentially killing fish and other water organisms [32]. Variations
in groundwater temperature may trigger changes in biogeochemical mechanisms in the
subsurface environment, impacting water quality [33,34]. Laboratory assays allow for the
identification of processes like carbonate precipitation, silicate dissolution, mobilization of
cations, trace elements, and dissolved organic carbon (DOC) [35–39]. In the present study,
the temperature values varied between 21.5 and 29.61 ◦C, with one anomalous record
of 35.1 ◦C (average of 24.83 ◦C). Opportunistic pathogens, including Legionella spp., can
grow in the water systems in buildings, representing a critical public health issue [40,41].
According to World Health Organization, water temperature is important for the control of
Legionella spp., and water temperatures should be maintained above 50 ◦C to prevent the
growth of this organism [42].

PH represents one of the main physicochemical parameters influencing the behavior
of water-quality parameters as well as pollutant concentrations in aquatic ecosystems [43].
This parameter also influences the communities of bacteria and other microorganisms. In
general, relatively high or low pH conditions can make water improper for certain purposes.
At higher pH levels, metals tend to precipitate, whereas other compounds like ammonia
become toxic to aquatic life, releasing bad odors and tastes [44]. At lower pH levels, heavy
metals tend to dissolve, becoming bioavailable, and chemicals like cyanide and sulfide
become more toxic. The pH values determined in the present study are presented in Table 1.

Of the 124 sampling stations, 47 showed pH values in disagreement with Brazilian
legislation, which represents almost 38% of the monitored points. Every zone had at least
two sampling stations presenting values above the minimum allowed by the Brazilian law
CONAMA 357/05. It is important to emphasize that the minimum pH value in zone 02
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(3.11) is alarming. This value is close to the pH for solutions such as vinegar and orange
juice. Additionally, five other sampling stations in zone 02 recorded pH values below 5.00.
There was no statistically significant difference in pH values among the zones (p > 0.05).

Table 1. Summary of the pH values of all areas sampled.

Zone Mean Minimum
Value

Maximum
Value

Brazilian
Legislation Limits

N◦ of Points in
Disagreement with

Brazilian Legislation

Proportion of Points in
Disagreement with

Brazilian Legislation, %

01 5.92 5.01 6.88

6.00 to 9.00

06 66.66
02 5.83 3.11 6.97 10 34.48
03 6.52 4.92 7.54 02 11.76
04 6.18 4.95 7.91 07 43.75
05 6.17 5.23 7.20 03 50.00
06 6.23 5.43 7.09 06 50.00
07 6.25 5.69 6.97 03 30.00
08 5.95 3.45 7.25 07 38.88
09 6,04 4,88 6,79 03 42,85

The U.S. Environmental Protection Agency and the equivalent Arabian legislation
suggest that the pH of water sources should be maintained at between 6.5 and 8.5. Ac-
cording to Nasseem et al. (2022), it is better to have greater alkalinity, below 7.0, in human
drinking water, since it keeps the water safe for drinking. According to the same authors,
acidic water with a pH of less than 6.5 suggests potential contamination with pollutants,
making it unsafe for drinking purposes. Additionally, water with a pH < 6.5 could be
corrosive, leaching metal ions such as Fe, Mn, Cu, Pb, Ni, Cr, and Zi from the aquifer rocks
or transporting piping nets [6]. Throughout the present study, water pH values were more
acidic than those acceptable by the legislation, varying at around 6.04, and several times
being below 6. In fact, 81 sampling stations (approximately 65%) showed unacceptable
pH values.

Dissolved oxygen (DO) levels have a direct impact on groundwater quality by regu-
lating the valence state of heavy metals and the microbial catabolism of dissolved organic
compounds [45]. A decrease in dissolved oxygen levels can result in anaerobic patterns,
which negatively impacts aquatic organisms. The organic matter potentially released from
surface sources through a groundwater reserve, on the other hand, can rapidly decrease the
dissolved oxygen in the groundwater, turning it into a reducing underground environment
more susceptible to the dissolution of the Fe and Mn that compose the aquifer rocks [46].
The Brazilian law CONAMA 357/05 suggests a minimum dissolved oxygen concentration
of drinking water of 6.00 mg·L−1. In the present study, the recorded oxygen levels (Figure 2)
suggest a high oxygen demand in some zones. Zones 05 and 07 showed DO concentrations
of 4.21 and 4.93 mg·L−1, respectively. On the other hand, the other seven zones did not
suggest a high oxygen demand, with DO concentrations varying at around 6 mg/L. When
we compared the DO concentration of zones 05 and 07 with that in zone 08, we found a
statistically significant difference between them.

The dissolved organic carbon (DOC) sometimes showed high concentrations, espe-
cially in the most urbanized zones. The DOC averages varied. All zones had at least
two collection points whose values exceeded the CONAMA 357/05 limit of 10 mg·L−1.
Only one zone (zone 03) had an average value above the maximum allowed by law. Ap-
proximately 35% of all sampled stations (43 points of all zones) had values above the
limits allowed by CONAMA 357/05. Zones 05, 06, 07, and 03 were those with the highest
proportion of points above this limit. The summary of the DOC values is shown in Table 2.

The potability of groundwater is directly linked to DOC concentrations, which influ-
ence water chemistry and microbial levels [47–51]. As a result, there have been several
studies on the concentrations, sources, and diffusion of natural DOC in aquifers [52–54];
however, to date, few have focused on human health. DOC consists of the carbon part
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of dissolved organic matter (DOM), typically representing more than 90% of the whole
organic carbon content in natural groundwater reserves [55]. Nevertheless, levels above
background concentrations may indicate organic pollution [48,54,56].
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Table 2. Summary of the DOC values of all areas sampled.

Zone Mean Minimum
Value

Maximum
Value

Brazilian
Legislation Limits

N◦ of Points in
Disagreement with

Brazilian Legislation

Proportion of Points in
Disagreement with

Brazilian Legislation, %

01 8.01 1.90 35.30

10 mg·L−1

02 22.22
02 5.40 0.50 29.20 03 44.82
03 11.56 1.20 49.10 08 47.05
04 7.97 0.00 28.00 05 31.25
05 7.77 0.90 18.40 04 66.66
06 9.91 0.60 35.00 06 50.00
07 6.41 0.50 15.10 05 50.00
08 9.36 0.50 37.00 07 38.88
09 6.37 0.50 12.00 03 42.85

Comparing the results of the present study with the Canadian legislation for untreated
drinking water (4 mg·L−1 of DOC), we observed that the percentage of points above
the allowed value increased to 53.22%, which corresponds to 66 sampling stations. This
means that more than half of the water wells would be in unfit condition for consumption
according to Canadian legislation.

High concentrations of DOC in water may result in aesthetic and odor problems, in
addition to the potential stimulation of pathogenic bacteria [57–59]. High DOC levels also
result in a significant impact on the geochemical dynamic of other pollutants, such as
pesticides, pathogens, and pharmaceuticals; lower oxygen conditions may decrease the
degradation of carbon-based compounds [60]. High levels of COD in groundwater may
also suggest the development of trihalomethanes in water disinfected with active chlorine.
When compared to other environments, the values obtained in the present study were
significantly high (Table 3).
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Table 3. Groundwater dissolved organic carbon obtained in different studies.

Site Reference Max DOC
(mg·L−1)

Min DOC
(mg·L−1)

Average DOC
(mg·L−1)

Maricá, Brazil Present study 49.10 <0.5 8.06
Puducherry, India [61] 29 0.5 3.6

Petit Hermitage, France [62] - - 4.4
Sri Lanka [63] 2.08 1.35 1.69

Bangladesh [64] 20.39 1.29 4.90
Anna Bay, Australia [65] 15.1 1.0 8.0

Bangladesh [66] 5.9 0.20 2.79
Macquarie River, Australia [67] - - 8.26

Bell River, Australia [67] - - 1.87
Elfin Crossing, Australia [67] - - 1.34

Silurian S, Scotland [68] 3.05 0.45 -

In a way similar to that of other substances, chloride in groundwater originates from
both geogenic and anthropogenic sources. In the second case, agricultural, industrial,
and/or domestic wastes are considered potential causes [69,70]. Chloride concentrations
in uncontaminated waters often stay below 10 mg·L−1 and sometimes below 1 mg·L−1.
On the other hand, high levels of chlorides are suggestive of pollution [71]. Although they
may be present in most freshwater ecosystems, large concentrations are potentially toxic to
freshwater organisms. The results are shown in Table 4.

Table 4. Summary of the chloride values of all areas sampled.

Zone Mean Minimum
Value

Maximum
Value

Brazilian
Legislation Limits

N◦ of Points in
Disagreement with

Brazilian Legislation

Proportion of Points in
Disagreement with

Brazilian Legislation, %

01 170.4 32.0 853.6

250 mg·L−1

01 11.11
02 157.9 12.2 1259.6 04 13.79
03 185.8 32.5 483.2 05 29.41
04 93.0 21.0 317.0 01 6.25
05 327.5 16.4 1472.4 02 33.30
06 58.8 11.5 178.3 00 0.00
07 14.0 77.1 1.04 00 0.00
08 148.9 739.8 27.54 01 5.55
09 382.8 29.5 1466.2 03 42.85

The by-products of chlorine disinfection potentially affect consumers’ health. Their
magnitude is influenced by a number of variables, such as period of action, levels, and
frequency of exposure. Compared to other locations, the studied area revealed extremely
high values. The results found in this study ranged between 11.5 and 1466.2 mg·L−1. The
U.S. Environmental Protection Agency (EPA) and the Brazilian legislation recommend a
maximum value of 250 mg·L−1 for drinking water. In the present study, several sampling
stations recorded values significantly higher than that. Chloride compounds have two main
natural sources: soil chloride dissolved during water runoff and seawater intrusion during
high tides. An addition of 1% seawater can increase the chloride content to 190 mg·L−1 [72].
Anthropogenic chloride sources are mainly industrial wastewater discharge in densely
occupied areas; industrial wastewater and domestic sewage represent significant sources
of chloride in water bodies. In the present study, chloride values varied between 1472.4
and 11.5 mg·L−1 (average 154 mg·L−1). Aside from the potential health threats related to
high blood pressure, these chloride concentration limits have been established to protect
water from tasting salty and to prevent a corrosive effect on plumbing.

Nitrogen and phosphorus levels may indicate wastewater contamination and can be a
threat to human health. Excessive levels of nitrate may cause disease. High levels of nitrate
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in drinking water may decrease blood oxygen transport, resulting in health issues such
as blue baby syndrome [73,74]. According to the China Bureau of Quality and Technical
Supervision, the acceptable limits of nitrate for drinking groundwater is 20.0 mg·L−1 [3].
In the present study, all values of nitrate remained below these values. Brazilian CONAMA
357 legislation limits the nitrate concentration in drinking water to 10 mg·L−1.

The nitrate concentration found in the present study ranged from 0.00 to 27.98 mg·L−1.
Zones 04, 05, and 07 showed 100% of their collection stations, in accordance with CONAMA
357. All zones yielded mean and median values below the maximum allowed by Brazilian
law. However, zones 08 and 09 had the highest proportion of points in disagreement, with
approximately 15% being above the Brazilian law limits. A summary of the nitrate values
can be found in Table 5.

Table 5. Summary of the nitrate values of all areas sampled.

Zone Mean Minimum
Value

Maximum
Value

Brazilian
Legislation Limits

N◦ of points in
Disagreement with

Brazilian Legislation

Proportion of Points in
Disagreement with

Brazilian Legislation, %

01 4.15 0.00 16.89

10 mg·L−1

01 11.11
02 3.37 0.05 15.04 02 6.89
03 1.89 0.05 15.84 01 5.88
04 2.66 0.00 7.00 00 0.00
05 0.16 0.05 0.41 00 0.00
06 2.23 0.05 11.47 01 8.33
07 0.28 0.05 1.04 00 0.00
08 4.86 0.05 27.54 03 16.66
09 4.51 0.08 27.98 01 14.28

Although the findings for nitrate concentrations were relatively positive, the total
organic nitrogen concentration (TON) presented a slightly more worrying scenario. As
for nitrate, zone 05 presented 100% of its collection points with TON concentrations in
accordance with CONAMA 357. However, zone 09 had the highest average TON, as
well as the point with the highest overall concentration (36.23 mg·L−1). Zones 01 and 08
also showed average values above the legal maximum. A total of 50% of the points in
Zone 08 had TON concentrations above the legal limit. The ANOVA showed a statistical
difference between zone 03 and zones 08 and 09, with zones 08 and 09 presenting TON
means significantly higher than that of zone 03 (p < 0.05). The same results were observed
for zones 05, 08, and 09, with zones 08 and 09 presenting TON means significantly higher
than that of zone 05 (p < 0.05). There was no difference between the other studied areas.
Figure 3 presents the statistical analysis across all zones, and Table 6 shows the summary
of the TON information for all areas studied.

Table 6. Summary of the TON values of all areas.

Zone Mean Minimum
Value

Maximum
Value

Brazilian
Legislation Limits

N◦ of Points in
Disagreement with

Brazilian Legislation

Proportion of Points in
Disagreement with

Brazilian Legislation, %

01 3.61 0.30 13.90

3.7 mg·L−1

03 33.33
02 3.20 0.10 17.00 10 34.48
03 1.16 0.10 5.50 02 11.76
04 3.28 0.00 8.70 07 43.75
05 0.67 0.30 0.90 00 00.00
06 2.85 0.30 14.30 02 16.66
07 1.24 0.10 4.20 01 10.00
08 7.87 1.40 30.60 09 50.00
09 10.70 0.10 36.23 01 14.28
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Phosphorus is a fundamental element for all living beings. However, excessively
elevated phosphorus levels can result in eutrophication of surface water. Groundwater,
on the other hand, can be an important diffuse source of phosphorus to surface aquatic
environments. It is generally accepted that phosphate groundwater concentrations are
negligible due to high rates of adsorption to the soil and sediment matrix. In the present
study, recorded values of phosphate varied between 2.32 mg·L−1 and the detection limit
(<0.01 mg·L−1). The phosphorus concentrations indicated excess phosphorus, with at
least 40% of the collection points of all zones being in disagreement with CONAMA 357
(Table 7). Approximately 69% of all zones had values above the CONAMA 357 maximum
of 0.02 mg·L−1. The ANOVA showed a statistical difference between zones 01 and 02 and
zone 07 (Figure 4), with zone 07 presenting a mean phosphorus concentration that was
significantly higher than those of zones 01 and 02 (p < 0.05).
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Table 7. Summary of the phosphorus concentrations of all areas sampled.

Zone Mean Minimum
Value

Maximum
Value

Brazilian
Legislation Limits

N◦ of Points in
Disagreement with

Brazilian Legislation

Proportion of Points in
Disagreement with

Brazilian Legislation, %

01 0.05 0.01 0.19

0.02 mg·L−1

04 44.44
02 0.11 0.01 0.61 16 55.17
03 0.15 0.01 0.44 13 76.47
04 0.16 0.00 0.89 14 87.5
05 0.16 0.02 0.46 05 83.33
06 0.17 0.01 0.49 11 91.66
07 0.35 0.01 1.23 07 70.00
08 0.26 0.01 2.32 12 66.66
09 0.06 0.01 0.26 03 42.85

Most pathogenic microorganisms found in water are of fecal origin and are spread via
fecal–oral exposure. These pathogenic agents can produce relatively mild gastrointestinal
disorders or serious disease such as infectious hepatitis, encephalitis, and myocarditis.
Thus, the negative impacts resulting from the consumption of contaminated water on
human health can range from low-level infections (mild diarrhea) lasting a few days to
critical illnesses that require medical care or even hospitalization, potentially culminating
in death [75]. Fecal coliforms constitute a group of relatively harmless microorganisms
present in the intestinal tract of warm- and cold-blooded animals that are also involved in
the digestive process [76]. Of these, Esterichia coli is the most common representative and
indicates that the water is polluted with fecal material from humans or other animals [77].

On the other hand, the mere presence of these organisms, although harmless, may
indicate that the water may have been contaminated by pathogenic organisms or disease-
causing bacteria or viruses, which may also exist in fecal material. Runoff is the main carrier
mechanism of pathogen transport to surface water bodies. During a rainfall event, the
water distribution between surface runoff and soil percolation results from many factors:
storm water flux and extension, soil physical features (e.g., porosity and permeability), land
height gradients, and soil vegetal or urban cover [78]. If rainfall load exceeds the capacity
of the soil to absorb water, overland flux occurs, and microorganisms can be transported in
surface runoff [79,80].

The results found in the present study suggest significant important contamination
of the groundwater with some source of industrial or, mainly, domestic sewage. Brazilian
legislation allows the presence of up to 200 MPN (most probable number) of fecal coliforms
in water. In the present study only zone 05 did not showed no collection points with
values above the legal limit. However, even at concentrations within the permitted limit, all
points in zone 05 showed the presence of fecal coliform cells, which suggests contamination
with domestic sewage of the groundwater in that zone, even if small. At least 13% of
the collected points of the other zones had coliform concentrations above 200 MPN; for
example, 4 of the 29 monitoring stations in zone 02 had values above the Brazilian limit.
Although in a relatively low proportion (compared to the other zones), the most worrying
factor in zone 02 is the presence of highly contaminated samples, with concentrations up to
12 times higher (2400 MPN) than allowed by Brazilian legislation.

The other zones presented a critical scenario, with the proportion of contaminated
points ranging from 35.29 to 83.33%. The minimum average value in these zones (01, 03,
04, 06, 07, 08, and 09) was 218 MPN, which is already above the maximum allowed by
Brazilian legislation. The worrying maximum average value was 1455 MPN, found in
zone 06. In addition to this worrying average, it is important to note that 83.33% of the
sampled sites in zone 06 had contamination above the permitted level, further aggravating
the magnitude of the problem in that area. Another important fact is that, of all 124 points
analyzed, only 7 showed no presence of coliforms. With the exception of zone 05, all other
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zones had at least 1one point with at least four times more total coliforms than allowed by
law. Table 8 presents the summary of the results found for total coliforms in all zones.

Table 8. Summary of the total coliform concentrations of all areas sampled.

Zone Mean Minimum
Value

Maximum
Value

Brazilian
Legislation Limits

N◦ of Points in
Disagreement with

Brazilian Legislation

Proportion of Points in
Disagreement with

Brazilian Legislation, %

01 370 0 2400

200 MPN

04 44.44
02 218 2 2400 04 13.79
03 286 2 1600 06 35.29
04 433 0 1600 06 37.5
05 18 2 49 00 0.00
06 1455 2 1600 10 83.33
07 934 0 920 04 40.00
08 962 2 1600 09 50.00
09 291 0 1400 03 42.85

Pathogens are released from sewage in the soil; however, most of them remain as-
sociated with the fecal deposit. The amount depends on a number of factors, such as
the source, age, type, and pathogen level in the fecal matter itself, as well as the survival
characteristics of the pathogens. Pathogen survival in water depends on many factors,
including water quality (e.g., turbidity, dissolved oxygen, pH, organic matter content) and
environmental conditions (e.g., temperature, predation by zooplankton). Exposure to UV
light is a key factor in bacterial, viral, and protozoan die-off in surface waters [78,81,82].
An aquifer environment also protects pathogens against UV exposure and facilitates their
survival in groundwater. E. coli and fecal enterococci (FE) counts were suggested in some
sampling sites. The results of the present study show a strong and positive correlation
(p < 0.05) between total coliforms and the concentration of DOC, TON, and phosphorus in
groundwater, corroborating possible contamination with domestic sewage. Figure 5 shows
the three correlations.
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Figure 5. Pearson correlation coefficients between total coliforms and DOC (A), TON (B), and
phosphorus (C) for all nine zones. The vertical dotted line shows the maximum limit per Brazilian
legislation for total coliforms (200 MPN). The horizontal dotted line shows the maximum limit per
Brazilian legislation for DOC, TON, and P.

5. Conclusions

Availability of groundwater of good quality is essential for the maintenance of human
and animal health, especially in areas with scarce freshwater reservoir availability. This
necessary quality can be ensured by regular monitoring and protection of water sources
against potential contamination. In the present study, quality evaluation based on the
chemical composition of groundwater revealed that the required level of some parameters
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for human health required by the legislation used around the world is not being met. None
of the monitored points had the minimum quality required by Brazilian legislation; all
points had at least one parameter in excess. The results of organic matter and fecal coliform
evaluations suggest that one of the main sources of pollutants is domestic sewage resulting
from a lack of basic sanitation. Additionally, with the exponential population growth
observed in the municipality of Maricá and its plans for agro-industrial development,
it is expected that the already established conditions will deteriorate significantly, with
pollutants of a more recalcitrant and, therefore, more toxic nature being disseminated in the
environment. Urgent measures of basic sanitation must be implemented, even before the
implementation of an industrial park, as planned by the municipal government, to prevent
even more severe impacts from being detected in the near future.

Although only one collection campaign was carried out, it was performed in the
winter, when an improvement in groundwater quality is expected. The quality of the local
water would be even worse in the summer, when the most intense rains promote greater
transport of pollutants to the subterranean compartment.

Groundwater pollution represents a real danger to human communities. There is a
great opportunity for the global scientific community to improve existing aquifer manage-
ment, highlighting its importance to decision-makers and allowing them to understand
how we can defend or rescue both the quality and the quantity of these essential resources.
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Abstract: Lateral distortional buckling (LDB) is an instability phenomenon characteristic of steel-
concrete composite beams (SCCB) that occurs in the presence of hogging moments in regions close
to internal supports. The LDB behavior in SCCB is not yet fully understood. The procedures for
determining the LDB strength are based on the classic lateral torsional buckling theory or on the
inverted U-frame model. In addition, the standard procedures make use of the classic design curves of
the SSRC (Structural Stability Research Council) and ECCS (European Convention for Constructional
Steelwork) developed to analyze the stability behavior of steel elements. However, studies indicate
that the use of the same empirical curves obtained for the analysis of steel elements leads to the
conservative results of the LDB strength in SCCB. Therefore, this article aims to assess the LDB
strength in SCCB through the development of post-buckling numerical analysis using the ABAQUS
software. In the parametric study, four types of steel with different mechanical properties were
analyzed. In addition, the I-section, the unrestrained length, and the reinforcement rate in the
concrete slab were varied. The results showed the influence of the steel type on the LDB strength
and deviations from the standard procedures. A small influence of the longitudinal reinforcement
area variation was verified in the LDB strength in the FE analyses; however, this factor is significantly
important in the standard procedures, causing considerable divergences. These results can provide a
reference for future research and specification reviews.

Keywords: steel-concrete composite beams; lateral distortional buckling; hogging moment;
post-buckling analyses

1. Introduction

Lateral distortional buckling (LDB) is an instability failure mode of steel-concrete
composite beams (SCCB) under hogging moments [1–6]. As shown in Figure 1, LDB is
characterized by a lateral displacement (δ) accompanied by a rotation (θ) of the compressed
bottom flange that occurs due to the web distortion, if it is not rigid enough to withstand
the lateral bending [7–9].

This instability phenomenon is responsible for reducing the strength of continuous
and semi-continuous SCCB [10,11]. However, in addition to the occurrence of LDB, SCCB
under the action of hogging moment may be subject to local stability modes, such as the
flange local buckling (FLB), and even a combination of LDB and local modes [1]. The LDB
phenomenon in SCCB is generally conservatively assessed in the standard codes as being a
type of LTB. However, Bradford and Johnson [12] showed that LDB strength in SCCB can
be more than doubled in many cases when compared to LTB strength. The LDB in SCCB
can also be analyzed through the inverted U-frame method. In this method, the bottom
compression flange of the I-section is considered as a strut compressed uniformly along its
length by the maximum bending stress that is induced in it, and which is restrained by a
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continuous Winkler spring whose stiffness is that of the web in the plane of its cross-section
acting as a cantilever (Figure 2) [1–3].
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Figure 1. Lateral distortional buckling in SCCB. (a) LDB on the member, (b) Cross-section 
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In general, to determine the LDB strength of SCCB, current standard procedures
require the determination of the elastic distortional critical moment. In the previous
version of EC4 [13] (EN 1994-1-1:1992), the methodology proposed by Roik et al. [14]
to determine the elastic distortional critical moment was adopted. This methodology is
still used in the Brazilian code [15] (ABNT NBR 8800:2008). After determining the elastic
distortional critical moment the standard code such as Eurocode 4 [13], NBR 8800:2008 [15],
AISC [16], and Australian codes [17] make use of the same design curves proposed for steel
elements to determine the LDB strength of SCCB. However, studies [18–20] have shown
divergences between the results of elastic distortional critical moments, obtained through
numerical analysis, when compared with the methodologies proposed by Roik et al. [14],
Svensson [21], William and Jemah [22], and Hanswille et al. [23]. Therefore, the use of
these methodologies for the estimation of the elastic distortional critical moment can result
in the mistaken obtaining of the strength of SCCB under hogging moments by standard
procedures. In addition, Zhou and Yan [4], Liu et al. [9], and Rossi et al. [3] showed very
conservative situations in the standard codes when compared with FEA results obtained
for SCCB subjected to uniform hogging moment.

In a recent publication, Rossi et al. [3] present a critical review of LDB in SCCB. The
authors showed that the LDB investigations emphasized analyzing the LDB elastic be-
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havior [1,2,24–35], in an attempt to obtain a method for determining the elastic critical
moment, or sought to analyze the LDB strength of SCCB [1,4,8–11,26,27,29–31,36–38]. The
authors showed that there are considerable divergences between the existing methodolo-
gies for determining the elastic critical moment. In addition, Rossi et al. [3] presented
disagreements between experimental results and post-buckling numerical analysis when
compared with standard procedures. Finally, the researchers present the need for further
investigations on SCCB under the action of the hogging moment. Previous investigations by
Rossi et al. [1,32,33] showed that LDB in steel-concrete composite beams is not fully resolved
and there is a need for further investigations on the subject. One of the parameters to be
investigated is the influence of the steel mechanical characteristics of the I-beams on the LDB
behavior. The need to analyze the influence of the yield strength of different types of steel
on the LDB phenomenon can be seen in Zhao, Li and Sun [34], and Sun et al. [35]. In these
works, the authors verified that important standard procedures underestimate the resistance
to global instability of singly symmetric I-sections with high-strength steels (HSS).

In this way, although there is a considerable number of investigations about the LDB
phenomenon in SCCB, no study has investigated the possible influence of different types
of steel and their mechanical properties (fy and fu) on the LDB strength of SCCB. Even

though standard procedures consider indirectly, through the slenderness ratio (λ =
√

Mcr
Mpl

),

the yield strength of the steel sections, no comparative study was carried out between the
LDB strength obtained for different types of steel in numerical analyses with the SSRC and
ECCS design curves used to verify the LDB strength of SCCB. In addition, no study on
the LDB strength of SCCB has thoroughly investigated the influence of the longitudinal
reinforcement area variation in the concrete slab and the behavior of standard procedures
in relation to this parameter. Therefore, this article aims to assess the LDB strength of SCCB
through the development of post-buckling numerical analysis with the Dassault Systèmes
ABAQUS 6.14 [38] software. In the post-buckling numerical analysis, the initial geometric
imperfection, residual stress, real shear connector, geometric nonlinearity, and material
nonlinearity were considered through the numerical model developed. The SCCB analyzed
are simply supported, with restrictions on lateral slab displacement, and are subjected to a
uniform hogging moment distribution. In the parametric study, four types of steel with
different mechanical properties were analyzed. In addition, the I-section, the unrestrained
length, and the reinforcement rate in the concrete slab were varied. The analyses shown in
this work can provide a reference for future research and specification reviews.

2. LDB Strength in SCCB

Vlasov’s assumption [39] that the cross-section remains undistorted is not applicable to
the mode of distortional buckling, which is characterized by lateral and torsional buckling
in the compression flange accompanied by out-of-plane distortion in the web [19].

Eurocode 4 (EN 1994-1-1) [13] deals with the lateral buckling of SCCB by reducing the
section moment resistance at the internal support (plastic moment of the composite beam),
Mpl-CB, to a lower value, Mu,dist, referred to the beam buckling strength (Equations (1)–(4)).
Because the composite beam is one of several parallel members attached to the same
concrete slab, the design is based on the inverted U-frame model to determine of the elastic
critical moment.

Mu,dist = χLT Mpl−C. beam (1)

χLT =

[
φLT +

√
φ2

LT − λ
2
LT

]−1
≤ 1 (2)

φLT = 0.5
[
1 + αLT

(
λLT − 0.2

)
+ λ

2
LT

]
(3)

λLT =

√
Mpl−C. beam

Mcr
(4)
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In the current version of EC4 [13], no expression is presented to determine the LDB
elastic critical moment. However, in the previous version of EC4 [13] (EN 1994-1-1:1992),
the methodology proposed by Roik et al. [14] to determine the elastic distortional critical
moment was adopted (Equations (5)–(8)).

Mcr =
αgCdist

L

√(
GJ +

ksL2

π2

)
EIa f ,y (5)

ks =
k1k2

k1 + k2
(6)

k1 =
αEc Ic2

a
(7)

k2 =
Eat3

w
4(1 − ν2

a )hs
(8)

The Brazilian standard code, ABNT NBR 8800:2008 [15], is also based on the inverted
U-frame model to determine of the elastic critical moment. However, differently from
EC4 [13], the current version of the Brazilian code recommends the use of the procedure by
Roik et al. [14] for determining the LDB elastic critical moment. To obtain the LDB strength
the Brazilian standard uses the 2P design curve provided by the SSRC (Structural Stability
Research Council).

Zhou and Yan [4], observing divergences between numerical results and the EC4 [13]
procedure, proposed practical formulas (Equations (9)–(12)) to estimate the LDB strength
of steel-concrete composite beams under the action of uniform hogging moment. The
authors [4] numerically investigated the LDB behavior of SCCCs. Zhou and Yan [4]
analyzed the I-section influence, the unrestricted length, and the shear interaction degree
between the concrete slab and the steel I-section.

Mu,dist = φPR Mpl−C. beam (9)

φPR = 1.56 − 0.58λPR ≤ 1.0 (10)

λPR = 0.09

(
L
b f

)0.2(
t f

b f

)0.4(
hs

tw

)0.6

(1.5 + ρ)0.5 (11)

ρ =
Ar fr(

Aw fw + 2A f f f

) (12)

Bradford [29] also stated that the U-frame model, adopted by standard procedures like
EC4 [13], has been conservative in most cases. Then, the author [29] investigated the LDB
through special-purpose inelastic finite element method of analysis to study the buckling
of beams with continuous and complete tension flange restraint. Bradford [29] suggests a
new design proposal based on AS4100 (Equations (13) and (14)).

Mu,dist = 0.6





√(Mpl−I−B

Mo

)2

+ 3 −
(Mpl−I−B

Mo

)
Mpl−I−B ≤ Mpl−I−B (13)

λB =

√
Mpl−I−B

Mo
= 0.02

(
L

r f c,y

)0.5(
hw

tw

)1/3
α−0.5

m (14)
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3. Numerical Model

The numerical model showed in this paper is the same presented in the previous
paper, Rossi et al. [1], where the LDB in SCCB was investigated by the authors. To carry
out the numerical analyses the ABAQUS software [38] was used. With this software it
is possible to develop elastic buckling analyzes and post-buckling analyzes (nonlinear
inelastic analysis). For the elastic buckling analysis, the buckle linear perturbation method
was used to estimate the critical elastic stability load by obtaining eigenvalues and their
eigenvectors. In this method, the critical elastic stability load is obtained by the product of
the first positive eigenvalue (lower energy) by the external load applied to the structure in
the initial state. Importantly, this type of analysis does not consider any imperfections in
the structure. After this, the post-buckling analysis is performed, considering the initial
geometric imperfections. The structure shape in the buckling analysis, normalized to
the initial imperfection value, was adopted as the shape at the beginning of the post-
buckling analysis. Thus, the implementation of geometric imperfection was performed by
the “IMPERFECTION” command. Residual stresses were included within the model as
initial conditions. These initial conditions are included in a set of finite elements (shells,
in this case) to which a given value of initial stress is provided. The set of elements can
be defined by means of standard pre-processing tools. The procedure consists of defining
several longitudinal partitions of the geometry. Each partition corresponds to a given set
of elements that present the same value of initial stress. The residual stress patterns are
assumed constant along the longitudinal direction regardless of the presence of transverse
stiffeners (which might affect locally such pattern). The Static Riks method was used to
solve the geometric nonlinearity problem. This method, also known as modified Riks
algorithm, can obtain equilibrium solutions for instability problems.

3.1. Geometry, Element Type and Mesh

The numerical model developed faithfully represents the geometry of the problem.
The composite behavior between the I-section and the concrete slab was guaranteed by
means headed studs shear connectors. The finite elements used and other properties of the
developed numerical model can be seen in (Figure 3).
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Figure 3. Numerical model.

The concrete slabs, the headed shear stud connectors and the actuator were modelled
using the eight-node linear hexahedral solid elements with reduced integration and hour-
glass control (C3D8R). Elements with reduced-integration were adopted as they could
reduce computer run time [40]. The mesh dimensions were verified by means of sensitivity
analyzes, Rossi et al. [33]. For I-beams the quadrilateral element S4R (shell element) with
four nodes and reduced integration was used. The S4R element has six degrees of freedom
per node-three rotations and three translations. Rossi et al. [41,42] and Ferreira, Rossi, and
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Martins [43] performed a sensitivity analysis for I beams discretized with S4R elements
showing that the size of the 10 mm element provides good results with relatively low pro-
cessing time. The reinforcing bars were performed with two-node linear three-dimensional
truss elements (T3D2). The dimensions used in the discretization of each element are shown
in Table 1 and can be seen in Figure 4.

Table 1. Element type and size.

Section Part Element Type Element Size

Reinforcement bars T3D2 10 mm
Headed shear stud C3D8R 2 mm

I-beam S4R 10 mm
Concrete slab C3D8R 20 mm

Actuator C3D8R 20 mm
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3.2. Contact Properties

The interaction between the constituent parts of the numerical model was performed
using interaction and constraint options available in ABAQUS, in Figure 5 the details of the
model can be observed.
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For the interaction between the headed stud and the top flange, the option “Tie con-
strain” was used, which simulates the welded connection between these two elements, in
which the relative displacement between both is totally prevented. The interactions between
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the following surfaces—headed stud/concrete slab and concrete slab/steel beam—was per-
formed using the surface-to-surface interaction option (contact). The normal and tangential
behavior between these contact surfaces was defined using the “Hard” and “Penalty” options,
respectively. The value used for the friction coefficient was 0.4 [40,44,45].

The interaction between the reinforcement bars and concrete slab was performed
using the embedded element technique. In this technique perfect bond between embedded
elements and host elements was chosen. This bonding will constrain the translational
degree of freedom of the embedded nodes and will also avoid slip between the reinforcing
bars and concrete [40]. Finally, the interaction between the actuator and the concrete slab
was also carried out through the “Tie constrain” option.

3.3. Boundary Conditions and Initial Imperfections

The SCCB analyzed are simply supported with lateral bracing (Figure 6). The lateral
bracing simulates the condition of a composite floor, which has infinite stiffness in the
slab plane (transversal stiffness). This situation prevents any lateral displacement of the
composite beam, restrictions similar to those developed by Tong et al. [28] and Zhou and
Yan [4]. The boundary conditions used try to represent the restrictions performed in the
tests by Tong et al. [28], investigated in the present paper. The forces can be applied at one
or both ends (cantilever) of the beam according to the desired negative moment distribution
configuration. The possible modes of instability, LDB or LB (local buckling) that govern
the strength of these elements are analyzed in the internal span (L), between supports.
To prevent any form of instability from occurring in the cantilevered regions, avoiding
interferences in the developed analysis, web stiffeners were placed at both ends, as shown
in Figure 6. Details of the boundary conditions developed in the ABAQUS software can be
seen in Figure 7.
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Regarding the geometric and structural imperfections, the initial lateral bending and
the residual stresses were considered. In the former imperfection, the steel member is not
ideally straight, but has some initial geometric deformation such as the initial bending
and initial distortion. The latter imperfection is caused by the residual stress due to
welding and hot rolling [46]. A nonlinear post-buckling analysis should consider both
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the initial geometric imperfection and residual stress. For the geometric imperfection
an initial bending with magnitude of L/1000 was adopted. To consider residual stresses,
the Galambos and Ketter model [47] (Equations (15) and (16)) was adopted, as shown in
Figure 8. The geometric and structural imperfections were determined through a sensitivity
study published in a previous article, Rossi et al. [33]. In this study [33] the authors found
that the magnitude of L/1000 for geometric imperfections and the residual stress model by
Galambos and Ketter [47] provided results closer to the experimental test.

σc = 0.3 fy (15)

σt =


 b f t f

b f t f + tw

(
d − 2t f

)


0.3 fy (16)
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The residual stresses were included within the model as initial conditions. These initial
conditions are included in a set of finite elements (shells, in this case) to which a given
value of initial stress is provided. The set of elements can be defined by means of standard
pre-processing tools. The procedure consists of defining several longitudinal partitions
of the geometry. Each partition corresponds to a given set of elements that present the
same value of initial stress. The residual stress patterns are assumed constant along the
longitudinal direction regardless of the presence of transverse stiffeners (which might affect
locally such patterns).

3.4. Material Properties
3.4.1. Steel

For the steel sections, the adopted constitutive relationship was proposed by
Earls [48,49]. The stress–strain relationships presented by Earls is an elastoplastic model
where the consideration of the steel hardening effect is performed through a tri-linear
region (Figure 9a). For longitudinal and transverse reinforcement bars, an elastoplastic
model with positive linear hardening was adopted, as shown in Figure 9b. Finally, the
model assigned to the headed stud shear connectors was the perfect elastoplastic, as shown
in Figure 9c.
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Figure 9. Stress–strain relationships of steel. (a) tri-linear hardening, (b) positive linear hardening,
(c) perfect elastoplastic.

3.4.2. Concrete

The concrete damage plasticity (CDP) model was used to represent the concrete material.
The CDP model is a criterion based on the models proposed by some authors [50–52], and has
been widely used in modeling concrete and other quasi-brittle materials. The model considers
three hypotheses based on the plasticity theory: The initial yield surface determines when plas-
tic deformation begins; the flow rule determines the direction of plastic deformation; and the
softening/hardening rule defines how the surface flow evolves with plastic deformation [53].

The stress–strain relationships used to represent the behavior of concrete in compres-
sion was proposed by Carreira and Chu [54] (Equations (17) and (18)).

σ

fcm
=

βc(ε/εc)

βc − 1 + (ε/εc)
βc

(17)

βc =

(
fcm

32.4

)3
+ 1.55 (MPa) (18)

For the representation of the concrete behavior in tensile, the Carreira and Chu [55]
proposal (Equation (19)) was also used.

σ

ftm
=

βc(ε/εt)

βc − 1 + (ε/εt)
βc

(19)

4. Numerical Model Verification

The numerical model developed to analyze the LDB behavior of SCCB under hogging
moment was validated in the previous paper, Rossi et al. [1]. The numerical validation
was developed considering the experimental models analyzed by Tong et al. [28]. The
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comparison between the experimental results of Tong et al. [28] and the results of the
post-buckling numerical analysis can be seen in Table 2 and Figure 10.

Table 2. Calibration results.

Test Number
Test FE

Mtest/MFE
Mtest (kNm) Failure MFE (kNm) Failure

B3.0-350-1 205.1 LDB 207.8 LDB 0.987
B4.2-350-1 206.9 LDB 206.9 LDB 1.000

B4.2-350-1-C 203.7 LDB 203.8 LDB 0.999
B4.2-400-1 210.5 LDB 215.1 LDB 0.979
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Figure 10. Test vs. FE results. (a) B3.0-350-1; (b) B4.2-350-1; (c) B4.2-350-1-C; (d) B4.2-400-1.

The comparison between the results of the numerical model and the experimental
tests showed proximity. Therefore, the numerical model is validated given the conformity
of the results and will be used for the development of the parametric study.

5. Parametric Study

The purpose of this article is to investigate the LDB behavior of SCCB. For this,
180 post-buckling numerical analyzes were developed with the ABAQUS [38] software. In
the parametric study, the influence on the LDB behavior of the steel type and its mechanical
properties was investigated. In addition, it was also varied the I-sections dimensions: the
unrestricted span length and the reinforcement rate in the concrete slab. The analyses were
developed considering SCCB with three different I-sections, whose geometric properties
can be found in Table 3.

116



Eng 2023, 4

Table 3. I-Sections geometric properties.

I-Section d (mm) bf (mm) tf (mm) tw (mm) L (mm) Sstud (mm)

CB350 349 127 8.5 5.8 4000; 5000; 6000; 7000; 8000 200
CB450 450 152 10.8 7.6 4000; 5000; 6000; 7000; 8000 200
CB600 599 178 12.8 10 4000; 5000; 6000; 7000; 8000 200

Four different steel types were considered for the I-sections, which have a yield
strength (fy) of 250 MPa, 290 Mpa, 350 Mpa, and 450 Mpa. Regarding the unrestricted
span length (L), according to Figure 6, five situations were analyzed: 4000 mm; 5000 mm;
6000 mm; 7000 mm; and 8000 mm. Finally, it was considered three different reinforcement
rates distributed in the slab width, as shown in Figure 11, by means of bars with diameters
of 8 mm, 16 mm, and 25 mm. This reinforcement distribution was chosen with the objective
of allowing the neutral line to rise towards the concrete slab; in this way, almost the entire
I-section is under compression, thus allowing for the LDB occurrence. Furthermore, accord-
ing to Zhou and Yan [4] the ratio between the total area of the longitudinal reinforcement
bars and the I-sections cross-sectional area must be less than 0.5, which represents usual
values, which were respected. The cross-section characteristics of the SCCB analyzed can
be seen in Figure 11. The composite beams were subjected a uniform distribution of the
hogging moment (Figure 12).
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The representation of the 180 numerical analyses developed can be seen in Figure 13.
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Figure 13. Numerical models evaluated in parametric study.

The analyzed models present full shear connection degree since the investigations by
Zhou and Yan [4] and Tong et al. [28] showed that the effect of the shear connection degree
on the LDB strength is insignificant. For the modeling of materials in the parametric study
the stress–strain relationships presented in item 3.4 were used. The mechanical properties
of the materials are shown in Table 4.

Table 4. Materials mechanical properties for parametric study.

Materials E (MPa) ν fck-cylindrical (Mpa) fy (Mpa) fu (Mpa)

Concrete elements 32,834 0.2 30 - -
Steel A36 200,000 0.3 - 250 450

Steel A572-Gr 42 200,000 0.3 - 290 435
Steel A572-Gr 50 200,000 0.3 - 350 450
Steel A572-Gr 65 200,000 0.3 - 450 550

Reinforcement bars 210,000 0.3 - 500 540
Headed studs 200,000 0.3 - 345 -

6. Results and Discussion

The analyzes developed in this article aim to study the LDB behavior of SCCB. For
this, post-buckling numerical analyzes were developed with the ABAQUS software [38].
The influence on LDB strength of four steel types with different mechanical properties
was investigated. In addition, the following parameters were investigated: I-section,
unrestrained length, and the longitudinal reinforcement ratio in the concrete slab. The
numerical analysis results were compared with standard procedures that use the classic
design curves of the SSRC and ECCS, and also with the procedures of Zhou and Yan [4]
and Bradford [29].

6.1. Steel Type Influence

In the parametric study developed, I-sections with mechanical properties of four
different steel types were analyzed (Table 4). The ultimate moment results for models with
the I-sections CB350, CB450, and CB600 are shown in Figure 14a–c, respectively. The results
in Figure 14 are for models with longitudinal reinforcements with 8 mm diameter.
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Figure 14. LDB strength for different steel types. (a) CB350; (b) CB450; (c) CB600.

As expected, the highest LDB strengths were obtained for the steel A572 GR65, which
has a yield strength (fy) of 450 MPa. It is also observed that with the increase in the yield
strength (fy), there is an increase in the LDB ultimate moment. Taking as reference the steel
with a yield strength of 250 MPa, it is verified that for an increase of 16%, 40%, and 80%
in the yield strength (fy = 290 MPa; fy = 350 MPa; fy = 450 MPa), the variation of the LDB
ultimate moment was 10.12%, 23.60%, and 42.43%, respectively. Another fact that can be
observed in Figure 14 is the small variation from the LDB ultimate moment due to the
unrestricted length (L) variation, which shows that the span length is not a predominant
factor in the LDB strength of SCCB.

For the development of a general analysis of the mechanical properties’ (fy) influence
of different steel types on the LDB strength of SCCB, Figure 15 is presented. In Figure 15,
the reduction factor (χ = Mu−FE

Mpl−CB
) calculated as a function of the ultimate moment values

obtained in the FE analyses, and, as a function of the composite section plastic moment,
calculated according to the plastic theory (EC4 [13]), are compared for models with different
steel types.

In Figure 15, the reference values for the reduction factor (χref.) were calculated as a
function of the ultimate moment values obtained for the steel A36 (fy = 250 MPa). The
results in Figure 15 show that the average value of the ratio (χ/χref.) for the steel A572-GR65
is 0.86. This result is 14% lower when compared to the values obtained for the steel A36.
This result shows that, although the LDB ultimate moment for A572-GR65 steel is higher
than the value obtained with A36 steel, the value of the reduction factor (χ) is 14% lower.
That is, for steels with a value of higher yield strength (fy), there is a greater difficulty for
the composite section to reach the plastic moment, with LDB being responsible for reducing
the sectional moment. It is also observed in Figure 15 that the average value of the ratio
(χ/χref.) for A572-GR50 steel is 0.93, that is, 7% lower when compared to the values obtained
for A36 steel. Finally, the reduction factor (χ) values for models with A572-GR42 steel are
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compared with the reference values. The average value of the ratio (χ/χref.) for A572-GR42
steel is 0.98, that is, only 2% lower than the values of A36 steel. This proximity occurs due
to the yield strength (fy) of the two types of steels are close: 250 MPa for A36 steel and 290
MPa for A572-GR42 steel.
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Figure 15. LDB reduction factor for different steel type.

In order to compare the values of the reduction factor (χ), obtained through the FE anal-
yses, with the values obtained through the standard procedures (ABNT NBR 8800:2008 [15]
and EC4 [13]), Tables 5–7 are shown. In standard procedures, the reduction factor (χ) is
obtained as a function of the relative slenderness factor (λ =

√
Mcr

Mpl−CB
) calculated as a

function of the LDB elastic critical moment and the plastic moment of the composite section,
which is dependent on the steel yield strength (fy).

Table 5 presents the results for the models with 8 mm reinforcement bars, comparisons
are made between the values of the reduction factor (χ) obtained by the standard procedures
and through the FE analyses for each type of steel used in the I-sections. In Tables 6 and 7 the
same comparisons are made, however, for models with 16 mm and 25 mm reinforcement
bars, respectively. More information about the results obtained for each beam can be found
on Appendix A.

It is observed in Table 5 that the values of the reduction factor (χ) obtained by the
standard procedures (NBR 8800:2008 [15] and EC4 [13]) are lower than the values obtained
with the FE analyses. This situation shows a very conservative behavior of the Brazilian [15],
for models with 8 mm reinforcement bars, a situation also observed by Rossi et al. [1],
Zhou and Yan [4], and Bradford [29], in relation to the European procedure [13]. Table 5
also presents the percentage error values of the standard procedures calculated in relation
to the results obtained with the FE analyses. Percentage error values were calculated for
models with different steel types. For the Brazilian standard procedure [15], the average
values of the percentage error for steels with a yield strength (fy) of 250 MPa, 290 Mpa,
350 Mpa, and 450 MPa were −31.4%, −32.1%, −39.8%, and −35.1%, respectively. These
results show that the LDB ultimate moment values obtained by the Brazilian standard
procedure [15] are inferior to the values obtained by the FE analyses, verifying a consid-
erably conservative situation. When the results are compared with the values obtained
by the European standard procedure [13], there is an intensification of this conservative
situation. The percentage error values for the European standard [13] are −39.7%, −42.2%,
−51.7%, and −51.5% for steels with a yield strength of 250 MPa, 290 MPa, 350 MPa, and
450 MPa, respectively. Therefore, the ultimate moment values obtained by the European
procedure [13] are up to 50% lower than the values obtained with the FE analyses for the
models with reinforcement bars of 8mm.
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Still in relation to Table 5, observing the percentage error evolution for the different
steel types, a growth tendency of the errors is verified with the yield strength (fy) increase,
except for the steel with a yield strength of 450 MPa. This situation shows that the use of
steels with different mechanical characteristics has an impact on the LDB strength that is
not captured by the design curves of SSRC (used by NBR 8800:2008 [15]) and ECCS (used
by EC3), which use the relative slenderness factor (λ =

√
Mcr

Mpl−CB
).

Table 6 presents the results for models with 16 mm reinforcement bars. The results of
Table 6 show a greater proximity between the LDB ultimate moment values obtained by the
standard procedures and by the FE analyses. This situation can be explained by the plastic
moment calculation of the composite section, which is dependent on the longitudinal
reinforcement area present in the effective width of the concrete slab. Therefore, with
the increase in the steel area, there is an increase in the plastic moment, and, therefore, a
reduction in the relative slenderness factor (λ =

√
Mcr

Mpl−CB
), and, consequently, an increase

in the reduction factor (χ). Thus, with the increase in the plastic moment and the reduction
factor, there is an increase in the value of the LDB ultimate moment, which leads to a closer
approximation with the standard values. It is observed in Table 6 that the average values
of the percentage error for the Brazilian standard [15] are 1.3%, 0.6%, 0.9%, and 0.5%, and
for the European standard [13] −2.8%, −4.2%, −4.9%, and −7.2%, for steels with a yield
strength of 250 MPa, 290 MPa, 350 MPa, and 450 MPa, respectively. Regarding the steel
type, it is verified, for the Brazilian procedure [15] (curve 2P of the SSRC), that there is
no great variation in the average values of the percentage errors for the different steel
types. However, for the European standard [13], there is an increase in divergences with
the increase in the I-section steel yield strength.

Finally, Table 7 shows the results for models with reinforced bars with 25 mm diameter.
Contrary to the results observed in Table 5, Table 7 shows a non-conservative situation
of the standard procedures; that is, the results of the FE analyses were lower than the
ultimate moment values obtained by the standard procedures. The explanation for this
situation is the same as that presented in the previous paragraph; that is, with the increase
of the steel area in the effective width of the concrete slab, there is an increase in the plastic
moment, and, therefore, a reduction in the relative slenderness factor (λ =

√
Mcr

Mpl−CB
), and,

consequently, an increase in the reduction factor (χ). Thus, with the increase in the plastic
moment and the reduction factor, there is an increase in the LDB ultimate moment value,
higher than those obtained in the FE analyses. In Table 7, it is observed that the average
values of the percentage error in relation to the Brazilian standard [15] are 14.6%, 14.9%,
18.2%, and 20.5%, for the European standard [13] these values are 12.3%, 12.3%, 15.1%,
and 16.5%, for steels with a yield strength of 250 MPa, 290 MPa, 350 MPa, and 450 MPa,
respectively. Analyzing the percentage error evolution, it is also observed a small influence
of the yield strength variation on the LDB ultimate moment values that are not captured by
the classic SSRC and ECCS curves.

Figure 16 shows the deformed shape and von Mises stresses, for the CB450 model
with a length of 6.0 m and reinforcement bars with 8 mm diameter for the four steel types
analyzed. For the model with steel yield strength of 250 MPa (Figure 16a), the maximum
stress in the I-section web (middle of the span) varies from 230.30 to 258.98 MPa. For the
model with 290 MPa yield strength (Figure 16b), the maximum stress in the I-section web
varies from 287.60 to 316.31 MPa. For the model in Figure 16c, with a yield strength of
350 MPa, the maximum web stress ranges from 332.94 to 363.16 MPa, and finally, for the
model with a yield strength of 450 MPa (Figure 16d) the maximum web stress varies from
422.35 to 460.67 MPa.
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6.2. Analytical Procedures and Other Parameters 
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Figure 16. von Mises stress distribution (Unit = MPa). (a) fy = 250 MPa; (b) fy = 290 MPa;
(c) fy = 350 MPa; (d) fy = 450 MPa.

6.2. Analytical Procedures and Other Parameters

The increase in the area of reinforcement bars present in the effective width of the
concrete slab causes the increase in the plastic moment of the composite section calculated
by plastic theory, which consequently leads to an increase in the LDB ultimate moment
calculated by standard procedures such as EC4 [13] and NBR 8800:2008 [15]. However, the
numerical analyses developed in this article show a small variation in LDB strength due to
the increase in the area of reinforcement bars. Figure 17 shows the LDB ultimate moment
results for models with reinforcement bars with a diameter of 8 mm, 16 mm, and 25 mm.
In Figure 17 the reference values are those obtained by the models with 8 mm bars.
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It is observed in Figure 17 that the average value of the ratio (Mu-FE/Mu-FE-ref.) for
models with reinforcement bars with 16 mm diameter is 1.034; that is, there is an average
gain in the ultimate moment value of about 3.4%. Regarding the models with 25 mm
bars, the average value of the ratio (Mu-FE/Mu-FE-ref.) is 1.078. This shows that the ultimate
moment has an average gain of 7.8% compared with the models with 8 mm bars. This
situation shows that, despite a considerable increase in the longitudinal reinforcement area,
there is an insignificant increase in the value of the LDB ultimate moment.

Figure 18 shows the deformed shape and the distribution of the absolute maximum
stresses in the principal plane for models CB350 with a length of 6.0 m, A572-GR50 steel
and with longitudinal reinforcements of 8 mm (Figure 18a), 16 mm (Figure 18b), and 25 mm
(Figure 18c). It is observed in Figure 18 that the increase in the longitudinal reinforcement
area in the effective width of the concrete slab causes an increase in the maximum tension
and compression stresses, reflecting the increase in the LDB ultimate moment, a situation
verified in the numerical models analyzed.
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Figure 18. Stress distribution for the CB350 model with 6 m span (Unit = MPa). (a) Model with 8 mm
longitudinal reinforcement bars; (b) model with 16 mm longitudinal reinforcement bars; (c) model
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As seen in Figure 17, the increase in the longitudinal reinforcement area in the effective
width of the concrete slab leads to an insignificant increase in the LDB ultimate moment.
However, this increase in the longitudinal reinforcement area causes a considerable in-
crease in the plastic moment value calculated according to EC4 [13] by plastic theory. This
situation causes an increase in the LDB ultimate moment value, calculated according to
the procedures of EC4 [13] and NBR 8800:2008 [15], as the longitudinal reinforcement
area increases. Figure 19 shows the comparison between the European [13] and Brazil-
ian [15] standard design curves with the results of the FE analyses for models with 8 mm
(Figure 19a), 16 mm (Figure 19b), and 25 mm (Figure 19c). In addition, Figure 19 also shows
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the values of the experimental analysis of four beams tested by Tong et al. [28], which
served to validate the numerical model of this article.
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It is observed in Figure 19 three different situations. In Figure 19a, the results of the
FE analyses provided LDB ultimate moment values higher than those obtained by the
Brazilian [15] and European [13] standard procedures. The average percentage error of
the FE analyses results when compared to the European procedure [13] was −46.28%,
which shows considerable conservatism in the EC4 procedure [13]. Regarding the Brazilian
standard [15], which is based on the SSRC 2P curve, the average percentage error was
−34.60%, also showing conservatism. Figure 19a also presents the results of four beams
tested experimentally by Tong et al. [28]. The results of these four beams are close to the
values of the FE analyses developed in this article, since the longitudinal reinforcement
area of the beams by Tong et al. [28] is similar to the models with 8 mm bars analyzed in
the present work.

In relation to Figure 19b, which presents the results for the models with 16 mm
diameter longitudinal reinforcement, a close proximity is observed between the results
of the FE analyses and the standard procedures of EC4 [13] and NBR 8800:2008 [15]. The
increase in the plastic moment of the composite section is the reason that leads to the greater
proximity between the results of the standard procedures and those obtained through the
FE analyses. For the results presented in Figure 19b, the average percentage error of
the numerical results compared with the standard procedures is 0.83% for the Brazilian
standard [15] and −4.78% for the European standard [13]. Finally, in Figure 19c, the results
of the FE analyses are compared with the standard procedures for the models with 25 mm
diameter longitudinal reinforcement. It is observed in Figure 19c that the LDB ultimate
moment values obtained by means of the FE analyses are inferior to the standard results,
which leads to an unsafe situation of the European [13] and Brazilian [15] standards. As
verified, the increase in the longitudinal reinforcement area does not cause a considerable
gain in the LDB strength. However, for the EC4 [13] and NBR 8800:2008 [15] procedures,
the increase in the longitudinal reinforcement area leads to a considerable gain from the
LDB strength of SCCB, which leads to this unsafe situation for the European [13] and
Brazilian [15] procedures. In Figure 19c the average percentage error of the numerical
results compared with the standard procedures is 17.05% for the Brazilian standard [15]
and 14.05% for the European standard [13].

The results of the FE analyses were also compared with the analytical procedures
presented by Zhou and Yan [4] and Bradford [29]. In Figure 20, the results of the FE analyses
are compared with the Zhou and Yan procedure [4].
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Figure 20. Comparison of FE results with the Zhou and Yan procedure [4]. (a) Models with 8 mm
bars; (b) models with 16 mm bars; (c) models with 25 mm bars.

It is observed in Figure 20 that the longitudinal reinforcement area variation in the
concrete slab is also responsible for three different situations when the results of the FE
analyses are compared with the Zhou and Yan procedure [4]. For the models with 8 mm
diameter longitudinal reinforcement (Figure 20a) the results of the FE analyses show greater
agreement with the Zhou and Yan [4] procedure. The results analysis of the LDB ultimate
moment shows that the average value of the ratio (MZhou and Yan/Mu,FE) is 1.08, that is, the
values obtained through the analytical procedure of Zhou and Yan [4] are on average 8.0%
higher than those obtained with the FE analyses. Figure 20b presents the results obtained
with the FE analyses for the models with 16 mm bars. It is verified that with the increase
in the longitudinal reinforcement area there is also an increase in the divergence between
the results of the FE analyses and the results of the Zhou and Yan procedure [4]. The
average value of the ratio (MZhou and Yan/Mu,FE) is 1.28, that is, the results of the procedure
developed by the authors [4] are on average 28% higher than the results obtained in the
numerical analysis, an unsafe situation. Finally, Figure 20c shows the results for the models
with 25 mm diameter longitudinal reinforcement bars. There is also a tendency to increase
the divergence between the numerical results and the Zhou and Yan [4] procedure as the
longitudinal reinforcement area is increased. For the results in Figure 20c, the average
value of the ratio (MZhou and Yan/Mu,FE) is 1.34, which shows an unsafe situation in the Zhou
and Yan procedure [4]. Figure 20 also presents the results for the models with the different
steel types analyzed, it is verified that, as for the standard procedures, in the Zhou and Yan
procedure [4] the influence of the steel type is not captured properly.

Finally, Figure 21 presents the comparison between the results obtained with the FE
analyses and the Bradford [29] procedure.
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Figure 21. Comparison of FE results with the Bradford [29] procedure. (a) Models with 8 mm bars;
(b) models with 16 mm bars; (c) models with 25 mm bars.

The results in Figure 21 show a similar behavior of the Bradford procedure [29] in
comparison with the results of the FE analysis between the models with longitudinal
reinforcement of 8 mm (Figure 21a), 16 mm (Figure 21b), and 25 mm (Figure 21c). This
situation is due to the fact that the Bradford procedure [29] does not consider the plastic
moment of the composite section, but only the I-section plastic moment to determine the
LDB ultimate moment. This situation can be confirmed with the analysis of the average
value of the ratio (MBradford/Mu,FE) which provided values of 0.59, 0.57, and 0.55 for the
models with reinforcement bars with a diameter of 8 mm, 16 mm, and 25 mm, respectively.
However, despite providing safe results, the Bradford procedure [29] is considerably
conservative. Regarding the results for the different steel types analyzed, it is verified that
for the models with greater steel yield strength, there is a greater proximity of the FE results
with the author’s procedure [29]. On the other hand, with the reduction in the steel yield
strength, there is a tendency to increase the divergences between the FE results and the
Bradford procedure [29].

Finally, Figure 22 shows the LDB ultimate moment values for models with A572-GR50
steel and 8 mm reinforcement bars. The results show that the unrestricted length variation
does not significantly influence the LDB ultimate moment value, a situation also observed
by Rossi et al. [1]. It is verified in Figure 22 that the preponderant factor in the LDB ultimate
moment values is the I-section geometric properties.

The results presented show that the standard procedures are still flawed in determining
the LDB strength of SCCB under the action of the hogging moment. The influence of
parameters not previously investigated was presented, such as the I-section steel type and
a considerable variation in the longitudinal reinforcement area in the effective width of the
concrete slab. The investigation of these factors showed flaws until then not observed, in the
standard procedures such as EC4 [13] and NBR8800:2008 [15]. The comparison between the
FE results and the analytical procedures, such as Zhou and Yan [4] and Bradford [29], shows
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that further investigations are still needed to fully understand the LDB phenomenon in
SCCB. Thus, the results presented in this article can provide a reference for future research
and specification reviews.
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Figure 22. Influence of unrestricted length.

7. Conclusions

In this article, the LDB strength of SCCB was investigated through the development
of post-buckling numerical analyses with the ABAQUS software. The SCCB analyzed
are simply supported with lateral bracing. In the parametric study, 180 analyses were
developed, varying the following factors: the mechanical properties of the steel I-section,
the dimensions of the I-sections, the unrestricted length, and the longitudinal reinforcement
area present in the effective width of the concrete slab. Finally, the results were compared
with current standard procedures and analytical proposals. In this way, it was concluded:

• The increase in the I-section steel yield strength causes an increase in the LDB ultimate
moment values. Taking as reference the steel with a yield strength of 250 MPa, it
is verified that for an increase of 16%, 40%, and 80% in the yield strength (fy = 290;
fy = 350; fy = 450), the variation in the LDB ultimate moment was of 10.12%, 23.60%,
and 42.43%, respectively.

• It was verified that for the models with a higher steel yield strength (fy), the LDB occurs
for ultimate moment values lower than the plastic moment of the composite section,
that is, the greater the steel yield strength, the lower the chances of the composite
section reaching the plastic moment, with the LDB being the failure mode responsible
for defining the ultimate moment value;

• There was a tendency to increase divergences between the numerical results and the
curves of ECCS (EC4) and SSRC (NBR 8800:2008), with the increase in the steel yield
strength (fy), that is, for steels with greater yield strength, the greater the divergences
between the FE results and standard procedures.

• The increase in the longitudinal reinforcement area present in the concrete slab causes
a small increase in the LDB strength. For an increase of 244% in the longitudinal
reinforcement area, there was only an increase of about 7.8% in the value of the LDB
ultimate moment;

• Different behavior of the standard procedures was verified, due to the variation of the
longitudinal reinforcement area, when compared to the ultimate moment obtained by
the FE analyses. For a longitudinal reinforcement rate that approximates practical situ-
ations (8 mm bars), the standard procedures proved to be considerably conservative.
As the longitudinal reinforcement area in the effective width of the concrete slab is
increased, the behavior of the standard procedures is changed. For the longitudinal
reinforcement with 16 mm bars, the standard results are close to the numerical values,
showing a good behavior of the standard procedures. However, for models with
25 mm bars, the European [13] and Brazilian [15] standard procedures provided
ultimate moment results superior to those obtained by FE analyses;
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• The Zhou and Yan [4] procedure showed a behavior similar to that observed in the
standard procedures, that is, with the increase in the longitudinal reinforcement
rate, there is a variation of the divergences with the results of the FE analyses. This
situation is caused by the fact that the procedures of Zhou and Yan [4], the European
standard [13] and the Brazilian standard [15], define the LDB ultimate moment value
due to the reduction of the plastic moment of the composite section, and, any change
in this value was shown to be sensitive to the behavior of the mentioned procedures;

• It was found that the Bradford procedure [29] is not sensitive to the variation in the
longitudinal reinforcement rate, since the definition of the LDB ultimate moment is
a function of the I-section plastic moment, and not of the composite section plastic
moment. The comparison between the results of the FE analyses and Bradford’s proce-
dure [29] showed that this provides safe results, however, considerably conservative;

• It was verified that the LDB ultimate moment is not very sensitive to the unrestricted
length variation of the SCCB. The predominant factor is the dimensions of the I-section.

In general, it was verified that the standard procedures are still flawed in determining
the LDB strength of SCCB. It was found that the European [13] and the Brazilian [15]
standard procedures show different behaviors due to the longitudinal reinforcement area
variation. In addition, they are sensitive to the variation of the steel mechanical properties,
tending to an increase or reduction of the divergences depending on the yield strength
variation (fy). The comparison between the FE results and the analytical procedures, such
as Zhou and Yan [4] and Bradford [29], shows that further investigations are still needed to
fully understand the LDB phenomenon in SCCB. Thus, the results presented in this article
can provide a reference for future research and specification reviews.
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Notation
The following symbols are used in this paper:
A sectional area of the steel I-beam
Af sectional area of the steel beam flange
Ar sectional area of the longitudinal reinforcement in concrete slab
Aw sectional area of the steel beam web
a spacing between parallel beams
bf flange width
Cdist property associated with the distribution of bending moments
d section depth
E modulus of elasticity
Ea elasticity modulus of structural steel
EcIc2 flexural stiffness per unit width of the slab
fck-cubic characteristic compressive cubic strength of concrete
fck-cylindrical characteristic compressive cylinder strength of concrete
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fcm compressive strength of concrete
ff yield strength of the flange I-beams
fr yield strength of the reinforcement bars
ftm concrete tension strength
fu ultimate strength
fy yield strength
G shear modulus
hs distance between the centroids of the flanges
hw web depth
Iaf,y moments of inertia of area of the structural steel section about the weak axis
J torsional constant
ks rotational stiffness
k1 bending stiffness of the concrete slab
k2 bending stiffness of the web of I-beam
L unrestrained length of composite beam
Mcr elastic distortional critical moment
MFE ultimate moment obtained from the finite element analysis
Mpl-CB plastic moment obtained by I-beam more reinforcement bars
Mpl-I-B plastic moment of I-beam
Mtest experimental test ultimate moment
Mu,dist resistant moment obtained by analytical procedures
rfc,y radius of gyration of the compression flange
Sstud spacing between headed stud connectors
tf flange thickness
tw web thickness
U displacement
UR rotational displacement
α coefficient equal to 2 for an edge beam, with or without a cantilever, or 3 for an inner beam
αg factor related to the cross-section geometry of the composite beam by Roik et al.
αLT imperfection factor according EC3
αm modification factor of the moment distribution according AS4100
βc stress–strain relationship form factor of concrete in compression
δ lateral displacement
ε strain
εc compressive strain
εt tensile strain
εu ultimate strain
εy yield strain
θ rotation
λ slenderness ratio
λLT slenderness ratio according EC3
λPR slenderness ratio according Zhou and Yan
νa Poisson’s ratio of structural steel
ρ force ratio according Zhou and Yan
σ stress
σc residual compression stress
σt residual tensile stress
φPR stability coefficient according Zhou and Yan
φLT stability coefficient according EC3
χLT reduction factor according EC3
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Abstract: Mastering construction times is of paramount importance in making vernacular earth
construction techniques attractive to modern clients. The work presented here is a contribution
towards the optimization of the construction time of cob buildings. Therefore, this paper follows
the evolution of a cob’s mechanical properties during its drying process in the case of a double-
walling CobBauge system. Laboratory tests and in situ measurements were performed, and further
results were described. Volumetric water content sensors were immersed in the walls of a CobBauge
prototype building during its construction. The evolution of the cob layer’s compressive strength
and Clegg Impact Value (CIV) as a function of its water content has been experimentally studied
and discussed. These studies showed that compressive strength and CIV are correlated with water
content, and both properties decrease exponentially with time. In this study, a new tool to evaluate
cob’s mechanical performances in situ has been proposed, Clegg Impact Soil Tester. This was linked
to compressive strength, and a linear relationship between these two properties was found. Finally,
appropriate values of compressive strength and CIV to satisfy before formwork stripping and re-
lifting were proposed. For this study’s conditions, these values are reached after approximately
27 days.

Keywords: implementation time; cob; water content; compressive strength; Clegg Impact Value

1. Introduction

Climate change has been observed worldwide over recent decades. This is in major
part due to greenhouse gas emissions (GHG). In France, the sector of the manufacturing
and construction industry, in particular, related to the use and construction of residen-
tial/tertiary buildings contributed to 152.7 MtCO2eq in 2021, representing 36.5% of total
GHG emissions [1]. Thus, construction is one of the major target sectors that should be
focused on to reduce carbon footprints. This can be achieved by specifying less processed
materials, using locally sourced natural materials, and low environmental impact processes.
In the context of global climate change, the development of earthen construction is a real
alternative to reduce the CO2 emissions from the construction sector. However, this age-old
material must be able to demonstrate good mechanical resistance and adequate water
resistance whilst complying with conditions imposed by the current building regulations.
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Earthen construction is gaining popularity as a potential means of establishing local
value chains with minimal environmental impact. However, the growth of this historically
existing building technology, concentrated in a number of locations of developed countries
is still limited due to the high cost, labour intensity, and construction periods because of
the material drying time. One of the most popular earthen construction techniques in the
Northwest of Europe is cob. Natural fibers, water, and silty-clayey soils are typically used to
make cob. Water is added to the mixture to cause it to transform into a plastic state, which
enables the efficient production of reasonably thick load-bearing building walls. Cob has
gained less interest since the beginning of the 20th century in favor of industrial materials
thought to be more effective and contemporary with a high degree of standardization.
When compared to modern construction methods, cob has actually numerous perceived
drawbacks, including low insulating capabilities, long construction durations, high labor
demands, etc. [2]. Actually, buildings using cob (in its original conception) do not adhere
to global thermal construction rules. To overcome this issue and allow building designers
to use cob as a walling material, some aspects of the properties of the finished walling need
to be improved in order to enhance cob housings’ thermal performances. Alongside this
need, the implementation of new methods is being examined to reduce construction times
and associated costs.

Cob- and earthen-based materials, in general, have seen a rise in attention since the
1980s due to climatic concerns, especially in France and the United Kingdom [3–11]. This is
partly because of its many environmental benefits, namely its durability, minimal environ-
mental effect, and occupational thermal comfort [12,13]. Understanding and improving
cob’s geotechnical, thermal, and mechanical properties has been the subject of several
studies [7,12,14,15].

Accordingly, the CobBauge EU Interreg project is concentrated on creating, imple-
menting, and testing a novel low-carbon technology employing regional soils and plant
fibers. This earth fiber-based technique attempts to create a hybrid walling system by
combining a load-bearing (cob) and an insulating (light earth) layer, as shown in Figure 1.
In order to create 100% earth-based walling that ensures structural resistance and thermal
insulation, cob and light earth are naturally blended. In the first phase of the project, many
formulations have been examined and evaluated to identify the best earth/fiber mixtures
that would enable the construction of the building with a double walling system that
complies with French and United Kingdom standards. In this first phase, studies focused
on the geotechnical properties of soils, followed by the mechanical and thermal properties
of soil–fiber composites. Two prototype buildings have been built in France and the United
Kingdom as part of the project’s second phase in order to evaluate how the CobBauge
hybrid walling affects the behavior of those buildings on the site.

When compared to other modern construction techniques, a building with a cob
represents an issue possibly limiting its large-scale rollout. This concerns construction
times. With cob, construction times are usually long and sometimes weather dependent.
These long construction times are mainly due to the leakage of knowledge regarding the
drying kinetics of the mixtures. Thus, the first aim of this present work is to understand
the cob’s drying process in situ and propose a methodology to optimize the walling’s
construction time. This objective can be achieved by studying and understanding the
impact of water content on the mechanical performances of cob. The second aim of this
work is to propose a field test allowing the knowledge of in situ performances (drying
kinetics and compressive strength). The results will make it possible to evaluate cob drying
and compressive strength progress in situ. Since a double walling system is implemented
within formwork, this contribution can be useful in the optimization of form-stripping
times, particularly, influencing cob construction times, in general.
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2. Materials and Methods
2.1. Soils Particle Size and Geotechnical Characterization

Three soils were used in the construction of a prototype building in France, designed
to allow the research team to assess the construction process performances and energy
efficiency of the CobBauge technique. The cob layer (subject of this present paper) is
constituted of two different soils. The soils used in this study were collected in Lieusaint
quarry (Société des Sablières du Cotentin, SABCO Normandy). These soils are locally
sourced from a geographical area that is associated with existing cob buildings. Their
geotechnical characterizations were performed. The clay activity was evaluated using the
methylene blue value test according to standard NF P94-068 [16] and Atterberg’s limit
according to standard NF EN ISO 17892-12 [17]. Retrieved soil properties constituting cob
mixture and classification can be found in Table 1.

Table 1. Atterberg limits, methylene blue values, and soil classification.

Soil Liquid Limit
[%]

Plasticity Index
[%]

Methylene Blue Value
[g/100 g] USCS Classification

Soil 1 22.8 2.3 1.35 Low plasticity silt (ML)

Soil 2 28.5 4.2 2.31 Silty sand with gravel
(SM)

The mineralogical composition of soil 1 reveals the presence of the following major
phases: quartz (54.8%), muscovite (26.2%), montmorillonite (6.9%), and albite (4.2%),
with small occurrences of illite, kaolinite, goethite, rutile, and huntite (see Table 2) [18].
Subsequently, soil 1 is typical of silty soil. It is composed of quartz grains and silicates
(feldspars, micas, serpentines, and smectites). Silt particles are intermediate sand and clay
in size and have similar properties.
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Table 2. Mineralogical composition of soil 1 with refined values of unit cell volume and average
diameter. One standard deviation is indicated in parenthesis on the last digit.

Phases V (%) 〈D〉
(nm)

Quartz
SiO2

54.8 (5) 492 (10)

Muscovite
KAl2(AlSi3O10)(F,OH)2

26.2 (5) 35 (5)

Montmorillonite
(Na,Ca)0.3 (Al,Mg)2Si4O10(OH)2

6.9 (2) 111 (6)

Albite
NaAlSiO3

4.2 (2) 43 (5)

Kaolinite
Al2Si2O5(OH)4

2.1 (3) 78 (5)

Goethite
α-FeO(OH) 2.0 (3) 21 (1)

Rutile
TiO2

1.6 (3) 92 (5)

Illite
(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] 1.1 (2) 100 (5)

Huntite
Mg3Ca(CO3)4

1.1 (2) 123 (5)

Soil 2 is made of natural quartz (99% silica) [18].

2.2. Flax Straw

The selection of flax straw was based on the results of an earlier study [14], which
established that flax straw offered earth–fiber mixes optimum compressive strength when
dried while retaining good workability during mixing. Flax straw incorporated into the
soil represents theoretically a proportion of 2.5% of the mixed dry mass. In laboratory, the
flax straw is cut to a length of 7 ± 1 cm. On site, flax straw was introduced into the mix in
its raw state. This latter presents an absolute density equal to 1266 ± 55 kg·m−3 and an
absorption coefficient at 24 h equal to 350 ± 11%.

2.3. Sample Preparation

To study cob’s compressive strength as a function of water content, 24 specimens
were prepared at the same time with same proportion of soil, straw, and water. To be
representative of what can be encountered in situ after cob implementation, 8 different
water contents are considered: 19%, 17%, 15%, 13%, 11%, 9%, 5%, and 0%. Three samples
are made for each water content. Cylindrical molds with the following dimensions were
used: Ø110 mm × H220 mm. Before starting the production of the specimens, the mold’s
inner face was oiled. Afterwards, the mixture was compacted in several layers (a new layer
is added when the previous one is considered completely compact) with a wooden tamper
with dimensions equal to 30 mm × 30 mm × 410 mm (see Figure 2). Then, 24 h after filling
the molds, the samples were turned upside down in order to ensure a good distribution of
the water in them. In addition, the molds are slightly opened to accelerate the drying of the
mixtures. Then, these samples are demolded after two or three days and left to dry until
reaching their required water content.
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Figure 2. Preparation of cob samples at different water contents for the compressive strength study.

2.4. Water Content Control and Bulk Density

To better control the drying process, the samples were placed in the laboratory at a
temperature of 21 ± 2 ◦C and a relative humidity of 50 ± 2%. When the required moisture
content was reached, the samples were covered for 48 h to homogenize the water content
within them, and their bulk density was measured before performing the compressive
strength test (see Figure 3). The bulk density was determined by following the standard
NF X31-501 [19]. Successive measurements of the sample’s weight are made until reaching
and stabilizing at the corresponding required water content. Samples with following water
content have been prepared: 19, 17, 15, 13, 11, 9, 5, and 0%. These percentages have been
chosen to approach values encountered on site during the cob’s drying course.
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2.5. Compressive Strength

To maintain a measure of consistency between the samples, enabling the research
team to relate the structural performance of the samples to the needs of the walling system,
compressive strength measurements were undertaken on samples with different water
contents. Compressive strength tests are performed on the prepared cylindrical samples
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(∅110 mm × H220 mm) in accordance with the NF EN 13286-41 standard [20]. An IGM
press with a load capacity of 250 kN was used. The tests are performed with an imposed
loading rate of 0.40 kN/s. The deformation of the specimens is measured with a vertical
displacement sensor in contact with the lower plate of the press (see Figure 4).
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2.6. Clegg Impact Value

The Clegg Impact Soil Tester (CIST) was proposed by Dr. Bade Clegg in the 1970s as an
alternative to the CBR test. The output of the CIST device is called the Clegg Impact Value
(CIV). In this present study, this value will be linked to the compressive strength in order
to propose a site control test. To study Clegg Impact Value, 10 specimens were prepared.
To be representative of what can be encountered in situ, 5 different water contents have
been considered: 19%, 15%, 11%, 5%, and 0%. For mold availability considerations, two
samples are made for each water content. CBR molds with the following dimensions were
used: Ø152 mm × H117 mm. Preparation method is quite similar to the one described in
the precedent paragraph (see Figure 5).
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Figure 5. Preparation of cob samples at different water contents for the Clegg Impact Value measurement.

The mobility of the CIST makes it possible to perform in situ tests relatively quickly.
Initially, the CIST device was developed for non-cohesive backfill materials. Clegg impact
soil tester is implemented in accordance with ASTM D5874-02. This method using a
hammer of 4.5 kg is suitable for soils or aggregates with particle sizes less than 37.5 mm.
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The soils used in this present study have particle sizes less than 20 mm (see Figure 6). The
impact height is equal to 0.45 m. The hammer diameter is 0.05 m. The CIV value is obtained
using the knowledge of gravitational acceleration (g = 9.81 m·s−2) and the deceleration
measured during the hammer drop (a in m·s−2) is expressed as the following equation [21]:

CIV =
a

10·g (1)
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The Clegg Impact Value can be used to calculate quantities such as the modulus of
elasticity or the CBR (California Bearing Ratio) value using correlations. In this study, CIV
is linked to cob’s compressive strength. This can represent an easy way for craftsmen to
control cob’s resistance in situ. This can be interesting to know if a cob lift is sufficiently
dry and resistant to receive a new lift on its top.

2.7. In Situ Implementation and Monitoring

The main focus of this research is the drying rates of CobBauge dual walls. It is,
therefore, important to undertake moisture measurements of representative samples. In
this present work, Campbell scientific CS655 sensors, based on reflectometry principle, have
been used to locally measure Volumetric Water Content (VWC). This type of sensor (with an
accuracy of ±3%) has shown its efficiency when measuring VWC in soil materials [22–24].

The theory behind the CS655 water content reflectometer is based on the speed at
which an electromagnetic wave travels through the sensor’s two rods. The latter depends
on the material’s dielectric permittivity surrounding the two rods. Dielectric permittivity is
then converted to volumetric water content using the Topp equation [25]. For the sake of
greater contact between mixes and rods, sensors were positioned horizontally in cob at the
same heights and depths. Probes were positioned parallel to the west wall surfaces at two
different heights, 25 and 50 cm, from the lift basis. Volumetric water content considered
in this present work is an average of these two considered heights. The thickness of cob
in this west wall is equal to 25 cm. Additionally, information gathered via CS 655 probes
was logged in the CR1000X data logger every 15 min during the course of more than a year
(from May 2020 to November 2021). The following weather conditions are presented in
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Figure 7: temperature, relative humidity, wind speed and direction, radiation, and rainfall
recovered every 15 min. Instrumentation implemented on site is shown in Figure 8.
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3. Results and Discussion
3.1. Cob’s Compressive Strength and Density as Function of Water Content

Figure 9 shows the different types of failure (deformation) that occurred in the samples
after the compressive loading. When the water content is above 11%, there is crushing
of the sample, and plastic behavior is predominant. However, when the water content is
equal to or less than 11%, the sample breaks, and cracks are present throughout the sample.
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Figure 9. Cob’s samples facies after compressive loading at different water content.

The evolution of the cob’s compressive strength and density as a function of water
content is reported in Table 3 and Figure 10. On this latter, maximum compressive strength
and one at 1% deformation are presented. A deformation of 1% is considered in this
present work for considerations regarding the ease of straightening wall surfaces before
the application of plasters or renders.

Table 3. Evolution of compressive strength and Clegg Impact Value as function of water contents
usually encountered in situ.

WC
[wt.%]

VWC
[m3·m−3]

Density
[kg·m−3]

σε = 1%
[MPa]

σmax
[MPa]

CIV
[-]

19 0.3672738 1933.02 ± 15.65 0.04 ± 0.03 0.08 ± 0.01 04.0 ± 0.0
17 0.3315272 1950.16 ± 09.67 0.06 ± 0.02 0.15 ± 0.01 -
15 0.2822145 1881.43 ± 35.80 0.12 ± 0.02 0.20 ± 0.00 08.0 ± 1.4
13 0.2425423 1865.71 ± 05.37 0.20 ± 0.02 0.29 ± 0.03 -
11 0.2002693 1820.63 ± 05.64 0.37 ± 0.03 0.42 ± 0.01 12.5 ± 0.7
9 0.1625859 1806.51 ± 02.25 0.58 ± 0.02 0.65 ± 0.02 -
5 0.0868015 1736.03 ± 10.24 1.19 ± 0.03 1.35 ± 0.03 20.0 ± 1.4
0 0 1656.98 ± 08.11 2.27 ± 0.30 2.60 ± 0.03 34.0 ± 1.4
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The clay content is critical in earth building because it maintains the larger particles con-
nected. However, soils containing more than 30% clay have very high shrinkage/swelling
ratios, which, along with their proclivity to absorb moisture, can result in large fissures
in the finished cob product and thus impact its mechanical performance. The soil 1 is
composed of quartz (54.8%), muscovite (26.2%), montmorillonite (6.9%), and albite (4.2%),
with minor traces of kaolinite, goethite, rutile, illite, and huntite. Some clays have the
ability to widen the interfoliar spaces between their leaves. The incorporation of hydrated
cations (Na, Ca, etc.) provides it with this property, allowing it to compensate for chronic
charge shortages (Andrade et al., 2011). The phenomenon disappears if the clay charge
is too high (e.g., micas or muskovite in our sample: total clay charge of −1 entirely coun-
terbalanced by the dehydrated cations (e.g., pyrophyllite, talc: total clay charge of 0, no
interfoliar cation). With a charge ranging from 0.3 to 0.8, the smectites subclass is among
the expandable species. The crystalline structure might expand due to the water injected
via the hydrated cations [26]. The swelling increased as a result of the high humidity.
Montmorillonite is the only expandable species identified in our soil 1, at a rate of 6.9%.
The amount of muscovite, albite, kaolinite, and illite in our soil will impact its shrinkage
characteristics. These crystals have few water molecules between their layers due to their
tiny interfoliar space [26]. As a result, they have negligible intercrystalline swelling when
immersed in water [27]. As a result, when dried, these four species shrink significantly
less than smectite clays like montmorillonite [28]. Considering the number of smectites,
the cob layer shrinkage properties are mainly affected by the quantity of muscovite, albite,
kaolinite, and illite. These structures have few water molecules between their layers, and
they exhibit negligible intercrystalline swelling and shrink substantially less than smectite
clays like montmorillonite.

To explain the influence of the drying processes, the phase composition of soil 1 after
drying was determined via XRD (Table 4). The corresponding XRD pattern is shown
in Figure 11. The XRD analysis shows the disappearance of huntite combined with the
decrease in the montmorillonite content in favor of the formation of carbonated calcium
hemicarboaluminate (see Tables 2 and 3). Montmorillonite is the only expandable species
found in the structural cob. The presence of kaolinite, muscovite, and illite, as well as the
reduction in montmorillonite, will decrease the shrinking behavior. Indeed, these crystals
have a weak intercrystalline swelling behavior and contain a minor amount of water [26].
The formation of carbonated calcium hemicarboaluminate leads to the enhancement of
compressive strength (see Figure 10).

Table 4. Mineralogical composition of soil 1 after the drying process.

Phases V (%) 〈D〉 (nm)

Quartz
SiO2

61.2 (5) 492 (10)

Muscovite
KAl2(AlSi3O10)(F,OH)2

26.0 (5) 34 (5)

Montmorillonite
(Na,Ca)0.3 (Al,Mg)2Si4O10(OH)2

0.9 (2) 67 (5)

Albite
NaAlSiO3

1.7 (2) 46 (5)

Kaolinite
Al2Si2O5(OH)4

1.5 (3) 78 (5)

Illite
(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)] 2.1 (2) 100 (5)

Rutile
TiO2

3.4 (3) 92 (5)

Carbonated calcium hemicarboaluminate
Al Ca2C0.4O9.2

3.2 (1) 61 (5)
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Figure 11. XRD pattern of soil 1. The computed pattern (red line) is superimposed on the experi-
mental pattern (black dots). In the center, the fitted phases, and at the bottom, the difference curve
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3.2. Clegg Impact Value as Function of Water Content

Results from the Clegg Impact Soil Tester are reported in Table 3. Thus, the evolution
of the Clegg Impact Value as a function of water content is represented in Figure 12. On
this latter, it can be seen that CIV increases with the decrease in cob’s water content. For
water content ranging between 19 wt.% and 0 wt.%, Clegg Impact Value varies from 4 to 35
following a quasi-exponential law. As announced in the introduction, CIV measurements
will allow us to propose a field test, allowing us to deduce the in situ cob’s compressive
strength and water content and in-fine to know if a lift is sufficiently dry and resistant to
receive a new lift on its upper side.
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3.3. In Situ Water Content and Compressive Strength Evolution

Figure 13 shows the course of the volumetric water content and associated compressive
strength (at 1% deformation). As observed in the figure, cob’s volumetric water content
has decreased gradually with time and tends to a practical value after several months.
Moreover, it can be shown that the drying speed becomes slower with the decrease in the
water content in the wall. The drying presents two phases: a first one that is faster and a
second one slower. With water content getting lower, the drying process gets slower. This
drying is consistent with the typical behavior of construction materials.
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With the decrease in water content, the cob’s compressive strength increases. In this
figure, it can be observed that compressive strength passes from 0.04 to 0.06, 0.12, 0.20, 0.37,
and 0.58 MPa after 04, 15, 22, 44, and 68 days, respectively. After approximately one year
and two months, compressive strength is approaching 1.2 MPa.

In Figure 13, the reported water content is recovered in situ, but mechanical perfor-
mances are obtained on samples produced in the laboratory and tested at determined water
contents considering those encountered in situ.

In the studied prototype, formworks are released after 27 days, and a new lift was
raised directly. The choice of this delay is based on Norman craftsmen practice. At
that time, the VWC of the existing lift was approx. 0.2278 m3/m3 corresponding to a
compressive strength of approx. 0.28 MPa. From this experience, it can be affirmed that
0.28 MPa (reached after approx. 27 days in this typical case and weather conditions) is
sufficient to raise up a new lift. However, this value can be optimized by performing
judicious calculations.

In this sense, calculations were undertaken by considering the stress imposed by the
new wet lift (layer of wet cob) on the existing lift. These calculations are based on the
knowledge of the wet cob density, its volume, gravitational acceleration, and existing lift
horizontal surface (see Equation (2)).

σ =
N
S

=
m·g

S
=

ρ·V·g
S

(2)

where N is the normal stress, m is the wet cob mass, ρ is the wet cob density, V is the wet
cob volume, g is the gravitational acceleration, and S is the surface of the existing lift.

Considering the measured density of the wet cob, it was found that a new wet cob lift
(height = 70 cm) exerts a stress of 0.013 MPa directly after its implementation. This value
seems to be too low compared to that of compressive strength measured at 0.3673 m3/m3

(water content of the newly implemented wet cob), which is equal to 0.04 MPa (for a
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deformation of 1%). This would imply that a cob lift could support a new wet lift from the
first day after its implementation. But, this seems to be too optimistic. Consequently, when
trying to calculate the minimum mechanical resistance that a cob lift should reach before
raising up a new wet lift, other methods than the one presented here should be identified
and considered.

3.4. Clegg Impact Value and Compressive Strength

In the previous subsections, it was seen that both cob’s compressive strength and CIV
increase exponentially with the decrease in water content. Thus, the evolution of Clegg
Impact Value is plotted as a function of compressive strength. Figure 14 shows that the
evolution of CIV as a function of σ is best fitted via a linear relationship. On this latter,
it can be seen that the value of compressive strength obtained after 27 days of drying
(approx. 0.28 MPa) correspond to a CIV value of approx. 9. As it was already reported
that this compressive strength is sufficient to raise up a new lift, it can be stated here that
in situ measurement of a CIV value equal to or larger than 9 is sufficient for raising up a
new lift on the existing one. More on-site investigations could help to optimize this CIV
value. However, when dealing with soils different from those reported in this present
study, the absolute values of compressive strength and Clegg Impact Value should be
considered carefully.
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Figure 14. Relationship between cob’s compressive strength (at 1% deformation) and Clegg Impact Value.

4. Conclusions

The first aim of this present work was to understand the link between cob’s drying
process and its mechanical performances in a CobBauge double-walling system. This
is consistent with the objective of better controlling construction times. In this regard,
laboratory and in situ studies were performed. First, the water content was recovered
during the construction of a cob wall (under real conditions). These measurements showed
that water content decreases exponentially with time. Then, samples were produced in
the laboratory at the water contents encountered in situ. Afterward, these samples were
subjected to compressive strength tests at different water contents. When considering the
decrease in cob’s water content, as shown in the in situ measurement, compressive strength
was found to follow an exponential increase.

The second aim of this present work was to propose a simple tool allowing evaluation
of cob’s hydromechanical performances in situ. Thus, the Clegg Impact Soil Tester (CIST)
was proposed. Indeed, this can represent an easy way for craftsmen to control in situ cob
drying and readiness to receive a new lift. In this sense, samples were also subjected to
the CIST in order to obtain the Clegg Impact Value (CIV) at different water contents. The
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obtained results showed that the evolution of CIV as a function of water content can be
best fitted via an exponential model.

From there, the evolution of Clegg Impact Value is plotted as a function of compressive
strength (σ). It was found that the evolution of CIV as a function of σ is best fitted via a
linear relationship.

In the studied wall, a new lift was raised up on the monitored one after 27 days. In
this present study, it was found that after this duration, volumetric water content (VWC) in
the wall was approximately equal to 0.2278 m3/m3. At this VWC, the cob presents a com-
pressive strength of approx. 0.28 MPa. When CIV was plotted as a function of compressive
strength, it was found that 0.28 MPa corresponds to a CIV value of approximately 9. As the
form striping and the raise up of a new lift at this compressive strength went well, it can
be stated that measuring a CIV value of at least 9 can allow the rise of a new CobBauge
lift safely.
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Abstract: While damping devices can provide supplemental damping to mitigate building vibration
due to wind or earthquake effects, integrating them into the design is more complex. For example, the
Canadian code does not provide building designs with inline friction dampers. The objective of this
present article was to study the overstrength, ductility, and response modification factors of concrete
frame buildings with inline friction dampers in the Canadian context. For that purpose, a set of four-,
eight-, and fourteen-story ductile concrete frames with inline seismic friction dampers, designed
based on the 2015 National Building Code of Canada (NBCC), was considered. The analyses included
pushover analysis in determining seismic characteristics and dynamic response history analysis using
twenty-five ground motion records to assess the seismic performance of the buildings equipped with
inline seismic friction dampers. The methodology considered diagonal braces, including different
6 m and 8 m span lengths. The discussion covers the prescribed design values for overstrength,
ductility, and response modification factors, as well as the performance assessment of the buildings.
The results revealed that increasing the height of the structure and reducing the span length increases
the response modification factors.

Keywords: seismic; overstrength; ductility; resilience; inline seismic friction damper

1. Introduction

Utilizing the inherent ductility of a building to prevent catastrophic failure has led
to the development of seismic design codes and inelastic design response spectra. The
relationship between seismic load and damage is defined by equilibrium energy, in which
the total seismic inertia equals the sum of the elastic vibration energy, the cumulative
inelastic strain energy, and the energy absorbed by damping. Consequently, the energy
induced by structural damage equals the total seismic inertia minus the energy absorbed
by damping. Simply put, the damping of and damage to a system directly affects one
another. In conventional structural systems, seismic energy is dissipated through lateral
load-resisting systems. However, supplemental damping is employed in modern structural
systems to mitigate and limit structural damage [1,2].

Consequently, modern structures consider the actual dynamic behavior of systems,
which can be categorized into isolation systems and energy dissipation devices, including
passive, semi-active, active, and hybrid systems [3,4]. Friction dampers (seismic brakes) are
examples of passive energy dissipation devices that dissipate energy through the friction
caused by sliding two solid bodies against one another. When a structure is subjected to a
major earthquake, the friction dampers attached to a typical brace dissipate a significant
proportion of the energy and slip instead of yielding before yielding the primary members
of a structure. Therefore, the initial cost could be significantly reduced with a high capacity
for energy dissipation. There are several approaches to using friction brace frames as
an energy dissipation mechanism in steel frames. Friction dampers have been used in
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combination with a frame to capture the global structural response with the tri-linear lateral
elastic-perfect-plastic shape. These methods are based on an equivalent one degree of
freedom and a multi-degree of freedom to determine the appropriate design of structural
components and slip loads to reduce structural damage and control drifts [5–8]. In another
instance, in an experimental setting, a full-scale Moment-Resisting Frame (MRF) system
with inline friction dampers exhibited enhanced performance and resilience via decreased
acceleration and increased damping. The friction-damped frame reduced acceleration by an
average of 25% across different ground and artificial motions. The friction-damped frame
enhanced structural damping by 6.74%, preserving strength and stiffness. The calculated
story drift demonstrated a resilient system with minimal deflection.

Additionally, the MRF effectively corrected residual elongation in the inline friction
dampers [9]. Some methods have been developed to capture the plastic mechanism
of friction dampers [10]. Alternatively, an energy-based method has been proposed to
determine the slip resistance of friction dampers in reinforced concrete structures [11].

Structural analysis under an earthquake in the elastic region can create reverse strength
in the structures that surpasses their structural response. Seismic codes take advantage of
the inherent capabilities of structures, including overstrength and ductility, to dissipate
significant amounts of earthquake energy. The ductility factor represents the ability of
a structure to dissipate energy in the inelastic range. It can be determined by dividing
the maximum displacement by the displacement at the yield point, which is influenced
by factors such as soil type and the fundamental period of the structure [2,12,13]. The
National Building Code of Canada [14] divides the minimum earthquake lateral force
by the Seismic Force-Resisting System (SFRS) reduction factor. This factor, known as the
response modification factor, can be calculated by multiplying the overstrength factor (R0)
by the ductility-related force modification factor (Rd). However, the 2015 National Building
Code of Canada does not explicitly include the overstrength factor (R0) or the ductility-
related force modification factor (Rd). In the 2015 National Building Code of Canada [14],
several types of Seismic Force-Resisting Systems (SFRS) are considered for ductility, with a
minimum value of 1.0 for brittle systems such as unreinforced masonry and a maximum
value of 5.0 for ductile moment-resisting frames. The overstrength factor ranges from 1.0 to
1.7, signifying the level of overstrength in the SFRS [14]. For friction brace frames, limited
to 10 stories in Canada, proposed values of 5.0 and 1.1 have been suggested for the ductility
and overstrength factors, respectively [15]. The seismic performance of fourteen-story
concrete moment-resisting frames (CMRFs) with and without friction dampers was studied.
The models with integrated friction dampers showed improved performance compared to
similar models without dampers. When friction dampers were integrated, the moment and
shear were reduced by approximately 75%, 69%, and 56% for ductile, moderately ductile,
and elastic CMRFs. This integration enhanced the building’s performance and reduced
potential damage to the primary frame members.

Moreover, it offset the cost of the damping system, resulting in an average cost saving
of around 11.5%. The closest equivalent system in the 2015 National Building Code of
Canada (NBCC) is for ductile buckling-restrained braced frames (Rd = 4, R0 = 1.2). These
factors are already conservative, primarily because the non-damage-based modification fac-
tor for Inline Seismic Friction Dampers (ISFDs) is substantially higher [16,17]. Furthermore,
the system can be tested with Maximum Considered Earthquake (MCE) ground motion
forces and at MCE displacement levels, contrasting with the equivalent systems that cannot
avoid uncertainty in their actual behavior.

Unlike yielding steel elements, the activation load and stiffness of the friction damper
are decoupled, meaning there is a wide range of energy dissipation capacities/stiffness
and ductility values that can be intentionally controlled by adjusting these two design
parameters. A response modification factor approach reduces this variability, enhancing
performance. This benefit is significant because of a wealth of knowledge developed over
several decades on using friction devices as supplemental damping devices for optimizing
seismic performance [5–7,18–20]. There is a broad consensus that a well-defined optimal
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performance point exists for friction-damped structures, and it depends on the structural
frame’s dynamic properties. Given this context, the benefits of the proposed R-factor design
approach, which seems to rely on the bilinearization that eliminates (or at the very least
discourages) design optimization, should be more clearly highlighted. Therefore, this paper
addresses these issues by evaluating the SFRS reduction factors, including the overstrength,
ductility, and response modification factors of four-, eight-, and fourteen-story ductile
concrete frames with inline seismic friction dampers. The evaluation involves detailed
nonlinear static analysis procedures. Additionally, the effects of building height and span
length are considered. Moreover, the seismic performance of the buildings is assessed using
nonlinear response history analysis.

2. Design of Structural Models

In this study, the buildings are assumed to be in San Bernardino, California, with a
latitude and longitude of 34.108 and −117.289, corresponding to a high seismic zone and
site class “D.” Diagonal Braces with various span lengths of 6 m and 8 m are considered
in each building. All three models have five bays in each direction, as demonstrated in
Figure 1.
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The 2015 NBCC and ETABS software (Version 16.2.1) [14,21] were utilized to design
four-, eight-, and fourteen-story ductile concrete frames with inline seismic friction dampers
to evaluate the overstrength, ductility, and response modification factors. When it was
established that the dampers activate before yielding in the primary members of the frame
subjected to the design earthquake, CSA A23.3-19 [22] was employed for detailing the con-
crete buildings, following the Ultimate Limit States (ULS) or strength design method [22].
For the cylindrical specimen, the assumed compressive strength at 28 days f ′c is 30 MPa,
with a modulus of elasticity Ec of 24,500 MPa, and the unit weight of reinforced concrete is
24 KN/m3. The concrete cover for members exposed to the weather is 40 mm, while for
non-exposed members, it is 30 mm. The section properties of the columns are considered
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70% of the moment inertia, and for beams, it is 35% of the moment inertia. To prevent
column plastic hinges, all beam-to-column joints in structural frames must satisfy the weak
beam–strong column criteria, ensuring adequate shear strength in the concrete moment-
resisting frame joints to withstand the maximum expected force in the adjoining brace(s).
This design procedure includes determining the effective area of the joint, determining the
panel-zone design shear force, and controlling the panel-zone shear stress. The assumed
design live and dead loads for all models are 1.5 KN/m2 and 2.4 KN/m2, respectively,
while the snow load acting on the roof is 1.64 KN/m2. The design details and the brace
sections are presented in Table 1.

Table 1. Design details for different models.

Columns Beams Brace Section

Interior (Cm) Exterior (Cm) Interior (Cm)

Story Level 6 m Span 8 m Span 6 m Span 8 m Span 6 m Span 8 m Span 6 m Span 8 m Span

4 4 45 × 45 50 × 50 40 × 40 45 × 45 35 × 35 40 × 40 W14 × 34 W14 × 38
3 45 × 45 50 × 50 40 × 40 45 × 45 35 × 35 40 × 40 W14 × 48 W14 × 53
2 50 × 50 55 × 55 45 × 45 50 × 50 40 × 40 45 × 45 W14 × 61 W14 × 68
1 55 × 55 60 × 60 50 × 50 55 × 55 40 × 40 45 × 45 W14 × 90 W14 × 99

8 8 45 × 45 50 × 50 40 × 40 45 × 45 40 × 40 45 × 45 W14 × 38 W14 × 43
7 45 × 45 50 × 50 40 × 40 45 × 45 40 × 40 45 × 45 W14 × 53 W14 × 53
6 60 × 60 65 × 65 55 × 55 60 × 60 55 × 45 55 × 50 W14 × 61 W14 × 68
5 60 × 60 65 × 65 55 × 55 60 × 60 55 × 45 55 × 50 W14 × 68 W14 × 74
4 65 × 65 70 × 70 60 × 60 65 × 65 55 × 45 55 × 50 W14 × 74 W14 × 82
3 65 × 65 70 × 70 60 × 60 65 × 65 60 × 50 65 × 55 W14 × 90 W14 × 99
2 70 × 70 75 × 75 65 × 65 70 × 70 60 × 50 65 × 55 W14 × 90 W14 × 120
1 70 × 70 75 × 75 65 × 65 70 × 70 60 × 50 65 × 55 W14 × 159 W14 × 193

14 14 50 × 50 55 × 55 45 × 45 50 × 50 45 × 45 45 × 45 W14 × 34 W14 × 38
13 50 × 50 55 × 55 45 × 45 50 × 50 45 × 45 55 × 45 W14 × 43 W14 × 53
12 55 × 55 60 × 60 50 × 50 55 × 55 45 × 45 55 × 45 W14 × 53 W14 × 68
11 55 × 55 60 × 60 50 × 50 55 × 55 55 × 45 60 × 50 W14 × 68 W14 × 82
10 55 × 55 60 × 60 50 × 50 55 × 55 55 × 45 60 × 50 W14 × 74 W14 × 90
9 60 × 60 70 × 70 55 × 55 60 × 60 60 × 50 65 × 55 W14 × 99 W14 × 120
8 60 × 60 70 × 70 55 × 55 60 × 60 60 × 50 65 × 55 W14 × 109 W14 × 120
7 60 × 60 70 × 70 60 × 60 65 × 65 60 × 50 65 × 55 W14 × 109 W14 × 132
6 70 × 70 75 × 75 60 × 60 65 × 65 60 × 50 65 × 55 W14 × 132 W14 × 159
5 70 × 70 75 × 75 60 × 60 65 × 65 65 × 55 65 × 55 W14 × 145 W14 × 176
4 70 × 70 75 × 75 60 × 60 65 × 65 65 × 55 70 × 60 W14 × 145 W14 × 176
3 75 × 75 80 × 80 65 × 65 70 × 70 65 × 55 70 × 60 W14 × 159 W14 × 176
2 75 × 75 80 × 80 65 × 65 70 × 70 65 × 55 70 × 60 W14 × 193 W14 × 211
1 75 × 75 85 × 85 65 × 65 70 × 70 65 × 55 70 × 60 W14 × 193 W14 × 233

3. Design of the Inline Seismic Friction Dampers

Buildings designed and constructed following earlier codes and standards often
need to meet the life safety criteria based on the current seismic criteria objectives as
earthquake requirements evolved. Therefore, in high seismicity zones, and sometimes even
in low to moderate seismicity regions, supplemental energy dissipation devices can be
employed as part of structural design concepts for new buildings, upgrades, or retrofits of
existing structures. In seismically isolated structures, these devices can provide additional
dampening and are broadly categorized into two groups, displacement dependent, such as
frictional sliding or metallic yielding, and velocity dependent, including viscoelastic and
viscous fluid dampers. The 2015 NBCC [14] recommends supplemental energy dissipation
but does not explicitly address friction dampers. It specifies that a supplemental energy
dissipation system should complement the seismic force-resisting system (SFRS). The
modeling of the system should consider greater ductility than that of the SFRS nonlinear
hysteretic behavior, and the inherent equivalent viscous damping of the system should
not exceed 2.5 percent of the critical damping, excluding the damping provided by energy
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dissipation devices and other structural elements. The SFRS and components of the
supplemental energy dissipation system should be modeled elastically. According to ASCE
7-22, a structure with a damping system must have an SFRS that can resist 100 percent of
the load path, while a structure without a damping system must have at least 75 percent of
the required design strength [2,23].

Various supplemental energy dissipation devices exist, employing different mech-
anisms to dissipate energy. These mechanisms include yielding mild steel, viscoelastic
behavior in rubber-like materials, shearing of viscous fluids, orifice flow, and sliding fric-
tion. Inline Seismic Friction Dampers are utilized in structural engineering to mitigate the
impact of seismic forces on buildings and structures. They aim to absorb and dissipate
the energy generated during earthquakes, reducing the structural response and minimiz-
ing damage. These dampers dissipate energy via the frictional interaction between two
sliding solid components. This principle of solid friction is also observed in controlling
tectonic movement and earthquake generation and in smaller-scale applications such as
automotive brakes, which dissipate kinetic energy. By slipping at a predetermined load
before structural yielding, friction dampers effectively dissipate a significant portion of
the energy during a major earthquake event. This capability not only safeguards against
extensive damage but also offers cost savings compared to the expense of new construction
or retrofitting existing buildings, as it provides high levels of energy dissipation.

A clear example of attached damping, specifically Coulomb friction, can be illustrated
by Equation (1). This example involves a block moving horizontally on a rough surface,
where the equation states that the frictional force is directly proportional to the normal force.

Ff riction = µk N (1)

where µk is the dynamic friction coefficient or kinetic energy, and N is the normal force [24].
When subjected to cyclic loads, frictional damping devices waste energy via a non-elliptical
hysteretic loop. A single-degree-of-freedom system consisting of a mass, spring, and friction
can simulate this behavior. Figure 2 depicts an ideal Coulomb damper as a simplified
depiction of this notion.
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Figure 2. Mass-spring Coulomb damping and hysteresis loop [24]. Figure 2. Mass-spring Coulomb damping and hysteresis loop [24].

When the mass, denoted as q, experiences a displacement, and the applied force (Ft)
is less than the Coulomb friction force (Fk), the system does not slip. In this scenario, the
force–displacement relationship, represented by F1-q, demonstrates a linear characteristic
along the AB line with a slope of (1 − α)k. However, sliding occurs when the applied force
(F1) equals Fk, the displacement exceeds the critical value of q, and the force–displacement
relationship follows the BC line, establishing a loop. Slipping stops when the mass reverses
its motion, the applied force (Ft) falls below Fk, and the force drops down the CD line with
a slope of (1 − α)k. At point D, where the displacement is qc − 2q, the compressive force
equals Fk, resulting in slipping along the DE line. As the mass reaches point E, moving in
the opposite direction, the force follows the EF line, and the cycle continues [24].
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The dynamic friction behavior of the Inline Seismic Friction Damper (ISFD) is responsi-
ble for its characteristic hysteresis pattern observed during the slipping stage. To accurately
represent the elastoplastic behavior of the damper, it is recommended to utilize the Wen
model, as illustrated in Figure 3. This model is ideal for representing the dynamic friction
properties of ISFDs [2,3,25].
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Inline Seismic Friction Dampers (ISFDs) should be balanced to ensure structural
integrity and prevent excessive design force. Excessive ISFDs deployment leads to rigidity
while reducing their numbers eliminates their impact on the system. Therefore, it is crucial
to have optimal shear forces on the ISFDs to minimize the demand on the frame and
maximize energy dissipation. For this calibration, nonlinear response history analysis
should be employed. The central concept is to conduct static analysis and estimate the
approximate forces acting on an inline seismic friction damper [16,17].

The equivalent lateral static analysis was performed to calculate the base shear and
stiffness of each floor and the design parameters for each damper. These values are
presented in Table 2.

Table 2. ISFDs design parameters for different types of structures.

Kf (KN/mm) Kd (KN/mm) Ked (KN/mm) Post Yield
Stiffness Ratio

Yielding
ExponentStory Level 6 m Span 8 m Span 6 m Span 8 m Span 6 m Span 8 m Span

4 4 124 134 136 146 148 165 0.0001 10
3 182 192 198 210 208 231 0.0001 10
2 238 262 260 286 265 296 0.0001 10
1 308 331 353 380 373 409 0.0001 10

8 8 139 143 152 156 165 186 0.0001 10
7 196 198 214 216 231 231 0.0001 10
6 233 243 254 265 265 296 0.0001 10
5 266 275 290 300 296 322 0.0001 10
4 289 305 315 333 322 355 0.0001 10
3 335 361 366 394 392 430 0.0001 10
2 359 461 392 503 392 522 0.0001 10
1 567 625 650 717 656 798 0.0001 10
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Table 2. Cont.

Kf (KN/mm) Kd (KN/mm) Ked (KN/mm) Post Yield
Stiffness Ratio

Yielding
ExponentStory Level 6 m Span 8 m Span 6 m Span 8 m Span 6 m Span 8 m Span

14 14 132 147 144 161 148 165 0.0001 10
13 157 211 171 230 186 231 0.0001 10
12 209 269 228 293 231 296 0.0001 10
11 255 314 278 343 296 355 0.0001 10
10 282 346 307 377 322 392 0.0001 10
9 390 458 426 499 430 522 0.0001 10
8 404 472 441 515 473 522 0.0001 10
7 429 499 468 544 473 573 0.0001 10
6 510 582 557 635 573 690 0.0001 10
5 571 647 623 706 631 765 0.0001 10
4 567 639 619 698 631 765 0.0001 10
3 622 685 679 748 690 765 0.0001 10
2 724 801 791 874 839 916 0.0001 10
1 690 813 792 933 798 963 0.0001 10

The slip loads are calculated using a method proposed for an equivalent single degree
of freedom with idealized lateral load deformation. The ratio of the total braces’ stiffness of
each floor to the total braces’ stiffness plus the story stiffness of each floor is calculated using
an iterative procedure, assumed to be 0.8. Additionally, nonlinear time history analysis can
be used as an iterative procedure to design the sections of braces and friction dampers [15].
Table 3 represents the equivalent static force analysis results and the slip force for all three
models.

Table 3. Seismic analysis results, slip loads, and calculated mass per damper.

Seismic Shear
Forces (KN)

Seismic Brake
Slip Forces (KN)

Seismic Weight
(KN)

Mass per Damper
(Kg)

Story Bracing Level 6 m Span 8 m Span 6 m Span 8 m Span 6 m Span 8 m Span 6 m Span 8 m Span

4 SBD 4 1314 1364 140 150 12,877 16,523 80 80
3 901 949 240 250 12,877 16,523 115 115
2 638 676 310 330 12,877 16,523 115 115
1 369 387 370 390 12,877 16,523 115 115

8 SBD 8 1652 1685 180 180 28,174 33,923 80 80
7 996 1009 290 290 28,174 33,923 80 115
6 857 873 380 390 28,174 33,923 115 115
5 753 761 460 470 28,174 33,923 160 115
4 615 623 530 540 28,174 33,923 160 160
3 472 480 580 590 28,174 33,923 160 160
2 332 339 620 630 28,174 33,923 160 160
1 190 195 670 680 28,174 33,923 160 195

14 SBD 14 1579 1773 170 190 49,723 65,167 80 80
13 670 781 250 280 49,723 65,167 115 115
12 622 727 310 360 49,723 65,167 115 115
11 600 706 380 440 49,723 65,167 115 115
10 547 644 440 510 49,723 65,167 115 115
9 521 616 500 570 49,723 65,167 160 160
8 470 556 550 630 49,723 65,167 160 160
7 414 490 590 690 49,723 65,167 160 195
6 360 425 630 730 49,723 65,167 160 195
5 318 378 670 770 49,723 65,167 160 195
4 258 306 690 810 49,723 65,167 160 240
3 199 236 720 830 49,723 65,167 195 240
2 139 166 730 850 49,723 65,167 195 240
1 80 95 780 910 49,723 65,167 195 240

Note: Single Diagonal Braces (SBD).

4. Modal Analysis

The Eigenvalue analysis calculates the natural modes of the system, providing the
free-vibration mode shapes and frequencies. The Ritz value analysis determines modes
based on specific loading conditions. Since Ritz value yields a better basis than eigenvalue
analysis, especially for analyses involving superposition such as response spectrum or time-
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history analysis, it was utilized to determine the natural periods of the YRB framed system.
Table 4 displays the fundamental period of the structure based on the modal analysis, and
the results for braced frames obtained from the 2015 NBCC [14] can be determined with
empirical Equation (2).

Ta = 0.025hn (2)

where Ta(s) represents the fundamental lateral period, and hn denotes the height of the
structure in the meter. Including ISFDs in the frame reduced approximately 60% to 70%
compared to the bare frames in the fundamental period. Moreover, the empirical equation
results are about 15 to 60% lower than those obtained by the Ritz analysis.

Table 4. The fundamental period of the structures.

Story
T (sec)-Analytical ISFD T(sec)-Analytical Bare Frame

Ta (s)
6 m-Span 8 m-Span 6 m-Span 8 m-Span

4 0.56 0.56 0.81 0.78 0.37
8 0.89 0.85 1.36 1.33 0.73
14 1.46 1.41 1.85 1.82 1.25

5. Response Spectrum

The buildings in this study are assumed to be in San Bernardino, California, with a
trend design response spectrum like Tofino on Vancouver Island in British Columbia. A
single target response spectrum was developed for the maximum considered earthquake
(MCER) with 5% damping, obtained by multiplying the design response spectrum by a
factor of 1.5, as presented in Figure 4. By selecting a relative location in the United States,
the MCER was incorporated into the Canadian code for performance assessment of the
inline friction dampers.
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The spectral acceleration for a site in San Bernardino, USA, was calculated for different
hazard levels, considering both the basic safety earthquakes (BSE) for new and existing
building standards. An idealized relationship between base shear and displacement was
established using a similar displacement approach for all the models. The analysis was
continued until the frame’s maximum interstudy drift met the 2.5 percent design limit. The
elastic lateral stiffness (Ki), effective lateral stiffness (Ke), effective yield strength (Vy), and
target displacements were determined accordingly.

6. Nonlinear Static Analysis

Nonlinear static pushover analysis is carried out to calculate the structural strength
capacities and displacement demand. This procedure involves pushing the structure under
a lateral load pattern to the level of displacement expected in the design earthquake. The
main goal of this analysis is to assess displacement demands in critical elements that exhibit
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undesirable characteristics such as strength, stiffness discontinuities, extra loads on brittle
components, overall structural stability, and regions exposed to significant displacement
demand, which require special detailing [27–29]. The consideration of global P-delta
effects can be either non-iterative or iterative, depending on the mass and load case. The
design employs the Fiber section “P-M2-M3” with distributed plasticity and a finite length
hinge zone.

Furthermore, the columns have meshed at intermediate joints and intersecting frames
to improve the accuracy of simulating local P-delta effects. The load combinations presented
by the lateral loads shall be concerned with the P-Delta effect. The load combinations are
based on NBCC 2015 and include factor loads for ultimate limit states of 1.0D + 1.0E +
0.5L + 0.25S. These factors represent 100% of the dead and earthquake loads, 50% of the
live load, and 25% of the snow load. The local P-δ effect, which can cause a reduction
in the buckling load, is automatically considered in the analysis, particularly for slender
columns [21,27,29].

In this section, a nonlinear static pushover analysis was performed to calculate the
overstrength and ductility factors of each structure based on the target displacement of
MCER. The calculated values are tabulated in Table 5 and presented in Figure 5.

Eng 2023, 4, FOR PEER REVIEW  10 
 

 

Furthermore,  the  columns  have  meshed  at  intermediate  joints  and  intersecting 

frames to improve the accuracy of simulating local P-delta effects. The load combinations 

presented by the lateral loads shall be concerned with the P-Delta effect. The load combi-

nations are based on NBCC 2015 and include factor loads for ultimate limit states of 1.0D 

+ 1.0E + 0.5L + 0.25S. These factors represent 100% of the dead and earthquake loads, 50% 

of the live load, and 25% of the snow load. The local P-δ effect, which can cause a reduction 

in the buckling load, is automatically considered in the analysis, particularly for slender 

columns [21,27,29]. 

In this section, a nonlinear static pushover analysis was performed to calculate the 

overstrength and ductility factors of each structure based on the target displacement of 

MCER. The calculated values are tabulated in Table 5 and presented in Figure 5. 

Table 5. Nonlinear static analysis results. 

Story  Bracing 

Span 

Length 

(m) 

Yield 

Strength Vy 

(KN) 

Design 

Strength 

Vd (KN) 
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Δy (mm) 
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4  SBD  6  4436  2155  2.05  95  20  4.75 

    8  5473  2221  2.46  80  22  3.63 

8  SBD  6  5148  3362  1.53  140  30  4.66 

    8  5934  3481  1.71  133  34  3.92 

14  SBD  6  6448  4937  1.30  255  65  3.93 

    8  7509  5428  1.38  220  64  3.43 

SBD: Single Diagonal Braces. 
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Table 6. Response modification factors for 4, 8, and 14 stories. 

Story  Bracing 
Span Length 

(m) 

Overstrength 

Factor (Ro) 

Ductility Reduc‐

tion Factor (Rμ) 

Response Modifi‐

cation Factor (R) 

4  SBD  6  3.06  2.61  8.01 

Figure 5. Roof drift ratio versus normalized base shear (4, 8, and 14 stories).

158



Eng 2023, 4

Table 5. Nonlinear static analysis results.

Story Bracing Span
Length (m)

Yield
Strength
Vy (KN)

Design
Strength
Vd (KN)

Overstrength
Factor Ro

Maximum
Displace-

ment
∆max (mm)

Yield Dis-
placement
∆y (mm)

Ductility
µ

4 SBD 6 4436 2155 2.05 95 20 4.75
8 5473 2221 2.46 80 22 3.63

8 SBD 6 5148 3362 1.53 140 30 4.66
8 5934 3481 1.71 133 34 3.92

14 SBD 6 6448 4937 1.30 255 65 3.93
8 7509 5428 1.38 220 64 3.43

SBD: Single Diagonal Braces.

The 2015 NBCC [14] introduced the related force modification factors for different
Seismic Force-Resisting Systems (SFRS), irrespective of building height, span length, and
bracing configurations. In addition, these factors are not considered for friction dampers.
Several relationships have been proposed to estimate the ductility factor [29–32]. In this
research, the method proposed by Miranda and Bertero (1994) [32], represented by Equa-
tions (3) and (4), was used to calculate the ductility reduction factor Rµ for stiff soil. Here,
µ represents ductility, T denotes the natural period of the structures, and φ is a function of
ductility, fundamental period, and soil conditions. These results are presented in Table 6.

Rµ =
µ− 1
ϕ

+ 1 ≥ 1 (3)

φ = 1 +
1

10T− µT
− 1

2T
e−1.5|ln (T)−0.6|2 (4)

Table 6. Response modification factors for 4, 8, and 14 stories.

Story Bracing Span Length
(m)

Overstrength
Factor (Ro)

Ductility
Reduction
Factor (Rµ)

Response
Modification

Factor (R)

4 SBD 6 3.06 2.61 8.01
8 2.32 2.55 5.93

8 SBD 6 2.20 3.52 7.74
8 1.91 2.97 5.64

14 SBD 6 1.47 4.43 6.52
8 1.41 3.96 5.53

Note: Single Diagonal Braces (SBD).

The seismic reduction factors for different types of structures are depicted in Figure 6.
The overstrength factors increase with decreasing span length and height of the structures,
with average values of 1.85 for an 8 m span and 1.63 for a 6 m span across different building
types. Among them, the four-story 6 m span presents the maximum overstrength factor of
3.06, while the fourteen-story 8 m span exhibits the minimum value of 1.41. The ductility
reduction factors range from a minimum value of 2.55 for a four-story 8 m span and a
maximum value of 4.43 for a fourteen-story 6 m span. Generally, the ductility factor tends
to increase in higher buildings, with average values of 3.66 for an 8 m span and 4.44 for a
6 m span. The closest value of response modification factors for ISFDs can be selected as
recommended by the NBCC 2015 [14] (R = 4.8), and the ASCE 7 (R = 8) for ductile buckling
restrained braced frames are 4.8 and 8. The recommended response modification values are
compared with those obtained with the analytical results shown in Figure 6. The highest
response modification factor, equal to the prescribed value by ASCE 7 [23], is observed
in the four-story building with a 6 m span, reaching 8.01. Generally, all values surpass
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the recommended value by the NBCC 2015 [14] (R = 4.8). These values decrease with the
increasing height of the structure and the span length. Moreover, the average values of
response modification factors for all three models are 6.87 and 7.29 for 8 m and 6 m span
lengths, respectively.
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7. Inelastic Response History Analysis

The relationship between the response of the structure and ground-motion parameters
has been explored through a different set of strategies [31,33,34]. Scaling and spectral
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matching are two approaches for adjusting time series to be consistent with the design
response spectrum. Ground motions modification includes multiplying the initial time
series by the scaling factor. Then, the matched spectrum equals or exceeds the design
spectrum over a specified period range. Matching the time series frequency content to be
consistent with the design spectrum is Spectral matching [30,35].

This study obtained 25 different ground motion records from the Pacific Earthquake
Engineering Research Center (PEER) database [36], as presented in Table 7. Including a
diverse range of ground motions leads to a more comprehensive assessment of seismic
performance results. The SeismoMatch 2018 [37] software was used to match the accelero-
grams based on the design spectrum spectrally. The results of this matching process are
illustrated in Figure 7.
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Figure 7. Matched accelerograms based on the target response spectrum for 14, 8, and 4 stories.

Table 7. Summary of metadata of selected records.

ID Scale
Factor Earthquake Year Station Magnitude Mechanism Arias Intensity

(cm/s, OA)
Arias Intensity

(cm/s, MA)
PGA
(g)

1 0.8489 San Fernando 1971 Pacoima
Dam 6.61 Reverse 8.94 14.06 1.219

2 1.0261 Gazli USSR 1976 Karakyr 6.8 Reverse 5.28 11.27 0.701
3 0.7926 Tabas Iran 1978 Tabas 7.35 Reverse 11.82 21.08 0.853

4 1.297 Imperial Valley-06 1979 Bonds
Corner 6.53 Strike-slip 3.98 17.42 0.598

5 1.2494 Nahanni Canada 1985 Site 1 6.76 Reverse 3.88 8.44 1.107

6 1.5274 Superstition
Hills-02 1987 Parachute

Test Site 6.54 Strike-slip 3.74 14.96 0.432

7 1.6425 Loma Prieta 1989 BRAN 6.93 Reverse
Oblique 5.35 17.74 0.456

8 1.5415 Erzican Turkey 1992 Erzincan 6.69 Strike-slip 1.52 9.12 0.386

9 0.9241 Cape Mendocino 1992 Cape
Mendocino 7.01 Strike-slip 5.95 8.88 1.491

10 1.1584 Landers 1992 Lucerne 7.28 Strike-slip 6.97 10.99 0.725

11 1.6054 Northridge-01 1994

Beverly
Hills—
14,145
Mulhol

6.69 Reverse 3.08 14.71 0.443

12 1.1671 Kobe Japan 1995 KJMA 6.9 Strike-slip 8.39 13.32 0.834

13 1.0745 Chi-Chi Taiwan 1999 CHY028 7.62 Reverse
Oblique 5.29 13.71 0.636

14 1.2578 Duzce Turkey 1999 Bolu 7.14 Strike-slip 3.72 14.01 0.739
15 1.384 Manjil Iran 1990 Abbar 7.37 Strike-slip 4.64 25.29 0.514

16 1.769 Loma Prieta 1989
Los Gatos—
Lexington

Dam
6.93 Reverse

Oblique 1.86 9.96 0.442

17 1.6839 Tottori Japan 2000 SMNH01 6.61 Strike-slip 5.29 16.40 0.732
18 1.0737 Bam Iran 2003 Bam 6.6 Strike-slip 8.01 16.23 0.807
19 0.7526 Niigata Japan 2004 NIG019 6.63 Reverse 14.49 14.77 1.166

20 1.7991 Chuetsu oki Japan 2007
Joetsu

Kakizakiku
Kakizaki

6.8 Reverse 1.31 17.23 0.303

21 1.0158 Iwate Japan 2008 AKTH04 6.9 Reverse 11.81 16.44 1.343

22 1.7436 El Mayor Cucapah
Mexico 2010 CERRO

PRIETO 7.2 Strike-slip 2.97 23.58 0.286

23 0.982 Darfield New
Zealand 2010 GDLC 7 Strike-slip 4.49 11.56 0.764

24 1.5914 Duzce Turkey 1999 IRIGM 496 7.14 Strike-slip 13.36 16.21 1.031
25 Tohoku 1923 7.9 Subduction 11.51 59.71 0.427

8. Inter-Story and Base Shear Demand Results

Dynamic time history analysis was performed to assess the seismic performance of
the ISFDs. Figure 8 presents the mean values and the sum of standard deviations for
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all twelve models. The maximum mean values and the sum of standard deviation were
1.98% and 2.20% for the fourteen-story equipped with ISFDs, with 8 m and 6 m span
lengths, respectively. These numbers increased to 2.90% and 3.33% for the bare frames. The
eight-story buildings with ISFDs had maximum values of 2.10% and 2.15% for 8 m and
6 m spans, while the brace frames had maximum values of 3.20% and 3.50% for the same
span length. The four-story structure experienced the same mean and sum of standard
deviation values, with a maximum of 2.29% for ISFDs with both 8 m and 6 m span lengths.
The bare frames showed values of 3.23% and 3.75% for 8 m and 6 m spans, respectively.
The drift ratios were reduced by approximately 60 to 70% compared to the bare frames.
These values moved to a lower level in greater span length. Moreover, the story drift ratio
concentration shifted to higher levels with an increase in the height of the structures.
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For the sake of brevity, only the maximum hysteresis curves of the three models are
shown in Figure 9. The amount of dissipated energy in the models with an 8 m span was
more significant than the 6 m span length, primarily due to the axial forces in the bracing.
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The results of the nonlinear response history analysis for the base shear demands are
presented in Figure 10. These values represent the maximum base shear for each ground
motion. It can be observed that all these values are below the capacity of each system.
Furthermore, the base shear demands are higher with longer span lengths and in taller
buildings.
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9. Results and Discussions

Friction dampers, like other displacement-dependent devices, exhibit amplitude-
dependent damping. While the slip force remains constant, displacements might alter.
However, the slip force can be adjusted depending on the required displacement. In this
instance, the force–displacement ratio is not proportional, and decoupling the stiffness
from the yielding point is one of its advantages in high seismic zones. This article outlines
the methodology for determining overstrength, response modification, and ductility factors
for various Inline Seismic Friction Dampers (ISFD) systems. Slip loads are calculated based
on the lateral shear forces, shear deflection at each floor, the lateral stiffness of braces, and
the lateral stiffness of existing frames and braces. The response modification factors of four-
eight- and fourteen-story ductile concrete structures equipped with Inline Seismic Friction
Dampers (ISFDs) of different span lengths and heights are determined using the method by
Miranda and Bertero’s (1994) method [32]. For this purpose, normalized moment rotation
component models are calculated for each beam and column based on ASCE 41 [38]. These
component modeling parameters are applied to each structural member. The SLE, DLE, and
MSE target displacement is computed according to ASCE 41 [38]. Nonlinear static analysis
is then performed to assess the seismic characteristics of each system. The performance
of each system is evaluated through nonlinear response history analysis, considering
twenty-five different ground motions matched to the target response spectrum and the
structure’s period within the range of 0.2T to 1.5 T. The key observations and conclusions
are summarized as follows:

In the NBCC 2015 [14], the closest ductility and overstrength factors for an equivalent
system are provided for a ductile buckling restrained braced frame. The overstrength
factors ranging from 1.41 to 3.06, surpass the prescribed value (R0 = 1.2) specified in the
NBCC 2015 [14]. These factors decrease with increasing height and are higher in shorter
span lengths. The ductility reduction factors, however, exhibited an upward trend when
the height increased. The ductility reduction factors range from 2.55 to 4.43 compared to
the NBCC 2015 [14] value 4.

The response modification factor exhibits a decreasing trend as the height increases,
and it is more significant for smaller span lengths. The response modification factor ranges
between 5.53 and 8.01, with an average of 6.56 and an average minus standard deviation
of 5.57, whereas the recommended value in the NBCC 2015 [14] for BRBF is 4.8. These
results suggest that structures with a height equal to or less than 50 m adopt a response
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modification factor of 5.5. This factor covers approximately 95% of the cases and falls
within the safe range. The slip loads are calculated based on various factors, including the
brace angle, lateral shear forces, shear deflection at each floor, the lateral stiffness of the
bare frame, as well as the lateral stiffness of braces and their combination. Therefore, for
simplicity and a practical approach used by engineers, it is recommended that the system
be modeled as a braced frame, and the axial loads in the braces should be equal to or greater
than the slip load of the friction dampers. This approach ensures accurate representation
and sufficient capacity for the system. The results acquired from nonlinear response history
analysis, explicitly the STDEVA +Mean values, indicated a notable reduction in the story
drift ratio ranging from 60% to 70% for all three models incorporating ISFDs, compared to
the bare frames.

Moreover, the concentration of story drift demands was higher in taller buildings
while remaining relatively consistent or decreasing as the span length decreased. The
results from base shear demand indicated that increased structural height led to an elevated
base shear demand. Conversely, a decrease in the span length resulted in a reduction of
about 10% in the base shear demand.

The analysis of hysteresis curves demonstrated that longer span lengths exhibited
higher dissipated energy than shorter span lengths. Implementing the ISFD system directly
affects the reduction in the formation of the plastic hinges, resulting in an approximate
45% improvement in structural performance, which aligns with the objective of life safety
or better.

There was an accompanying increase in the base shear demand as the height of the
structure increased. On the other hand, a smaller span length resulted in a decrease.
Notably, implementing inline friction dampers resulted in a substantial reduction in the
dissipated energy, particularly in structures with larger span lengths.

10. Conclusions

This paper focuses on applying seismic reduction factors in line with the recommended
R values specified in the NBCC 2015 [14]. These reduction factors can support minimizing
the number of variable design parameters, enhancing structural performance. Because
of this, additional work is warranted to capture such performance for friction dampers.
Observations indicate that increasing the height of a structure reduces the overstrength
factor while increasing the ductility factor. Shorter span lengths result in greater response
modification factors; a suggested response modification factor for structures 50 m in height
is 5.5. Base shear demand increases with height and decreases with span length (10%
reduction). Hysteresis curve analysis demonstrates greater dissipated energy for longer
spans. Nonlinear response history analysis shows a substantial reduction (60–70%) in story
drift ratio when Inline Seismic Friction Dampers (ISFDs) are employed, compared to bare
frames. The concentration of story drift demands is higher in taller buildings but remains
consistent or decreases with shorter spans.

Further investigations are needed to comprehend and capture the performance of
friction dampers fully. Additional investigations can be conducted to assess the seismic
characteristics of buildings using different bracing configurations, floor heights, and bracing
angles. More detailed modeling approaches for structures equipped with ISFDs shall be
considered.
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Glossary

R0 Overstrength factor
Rd Ductility-related force modification factor
Ta(s) Fundamental lateral period
hn Height of the structure
Ki Elastic lateral stiffness
Ke Effective lateral stiffness
Vy Effective yield strength
Vd Design Strength
φ Function of ductility
Rµ Ductility reduction factor
R Response modification factor
µ Ductility
∆max Maximum displacement
∆Y Yield displacement
SLE Service Level Event
DLE Design Level Event
MSE Maximum Seismic Event
ISFD Inline Seismic Friction Damper
NBCC National Building Code of Canada
MRF Moment Resisting Frame
SFRS Seismic Force Resisting System
MCE Maximum Considered Earthquake
SBD Single Diagonal Braces
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Abstract: Considering the various problems caused by infiltration in civil construction, this study
aimed to identify the most appropriate waterproofing methods for different types of surfaces. A study
was conducted on the mechanisms of water infiltration on surfaces and the waterproofing methods
available on the market, focusing on asphalt blankets, in addition to a literature review highlighting
state-of-the-art methods on this topic. A case study was also conducted in a residence in Nova
Lima, Brazil, analyzing different waterproofing techniques, including their characteristics and stages.
Among the conclusions, it is highlighted that the implementation of adequate project, installation,
inspection, and maintenance techniques can significantly reduce the waterproofing failure rate and
repair costs, and that the excellent choice of materials, along with the skill of the labor force in the
application, is fundamental to guarantee the adequate performance of these materials in buildings.

Keywords: durability; waterproofing; infiltration; asphalt blankets; pathologies

1. Introduction

Building infiltration is a common problem when water penetrates the walls, floors,
or ceilings. This problem can be caused by several factors, such as lack of maintenance,
poor waterproofing, and exposure to rain or wind, among others, and has been a point
of extreme concern in all buildings since it is the leading cause of several pathologies in
buildings [1]. Among the various damages to the building structure, one can mention the
weakening of the walls, the appearance of mold and mildew, rotting materials, corrosion
of metals, and the proliferation of insects and other animals [2]. In addition, the moisture
generated by infiltration contributes to an unhealthy environment due to the proliferation
of fungi and bacteria, which can cause allergies, respiratory irritation, and other health
problems for residents [3].

Investing in good waterproofing during the construction or renovation of the building
is crucial to avoid infiltration in buildings. In this sense, construction companies seek to
isolate moisture and take necessary measures at each stage of construction, considering
which material is the most suitable for the place to be waterproofed and aiming to avoid
as much water action as possible. The safest and most cost-effective way to ensure the
water-tightness of a building is to conduct waterproofing planning from the project’s
conception [4]. This is important because, if infiltration has already occurred, it is necessary
to solve the problem as soon as possible, which may involve identifying the source of the
infiltration, repairing the affected areas, and eliminating the conditions that allowed the
infiltration. In more severe cases, hiring professionals who specialize in waterproofing and
building restoration may be necessary to solve the problem correctly and safely. All this
makes the project more costly [5].

In this context, waterproofing is a fundamental technique to protect structures against
the action of water and moisture. One of the primary forms of waterproofing is the
application of blankets, which consists of placing a layer of resistant and waterproof
material on the surfaces to be protected. Blankets can be used in various construction areas,

Eng 2023, 4, 1871–1890. https://doi.org/10.3390/eng4030106 https://www.mdpi.com/journal/eng169



Eng 2023, 4

such as slabs, pools, bathrooms, kitchens, reservoirs, and basements [6]. Thus, it is essential
to know the proper techniques for applying blankets and the different types of materials
available on the market to ensure effective and lasting waterproofing.

With this perspective, the general objective of this paper is to present the surface-
waterproofing methods available in the construction market and their main applications,
focusing on asphalt blankets. It is worth mentioning that, in this paper, the term “asphalt”
refers to the asphalt binder, also known as “asphalt cement” or “bitumen,” and not to
a mixture of binder and aggregate. Specifically, it aims to: (i) explain the parameters
involved in the mechanism of water infiltration on surfaces; (ii) identify the techniques
used for surface waterproofing, focusing on asphalt membrane; (iii) describe the current
state of knowledge on the use of surface-waterproofing membranes; and (iv) present the
waterproofing techniques used in a real case that involved the application of membranes.

Research Significance

Concerns about waterproofing surfaces arose a long time ago. However, it was only in
the 20th century that it gained greater importance in civil construction. With the advance-
ment of technology and the development of new materials, applying more efficient and
durable techniques in different structures became possible. Today, waterproofing is consid-
ered an essential step in the construction or renovation of buildings because it prevents
problems caused by moisture and ensures the durability and safety of buildings [4].

Infiltration is a problem that can compromise the life of a structure, causing pathologies
in buildings and affecting the aesthetics of buildings. When uncontrolled, it can cause
severe damage, such as metal corrosion, the proliferation of fungi and bacteria, and rotting
materials, among others. These problems can decrease the structure’s life and affect its
stability, putting the safety of users at risk [7,8].

Therefore, proper waterproofing is a crucial element in planning construction projects,
as it prevents the occurrence of infiltrations and pathologies in buildings. It is essential that
waterproofing be planned from the project’s conception, considering the characteristics
of the region and the terrain, the purpose of the structure, and the materials used. Using
good-quality techniques and materials in waterproofing increases the structure’s durability,
maintains aesthetics, and avoids constant repairs [9].

With this perspective, studying the forms of waterproofing for each type of surface
becomes relevant because each surface presents different characteristics that can influ-
ence the choice of the most appropriate technique. This study should involve, but not
be limited to, factors such as durability, resistance, ease of application, costs, and the
necessary maintenance.

2. Theoretical Background
2.1. Surface Infiltration

Surface infiltration is a process by which water penetrates porous surfaces, such as
walls, roofs, slabs, floors, and sidewalks, or by flaws in the structure, such as cracks, fissures,
or leaks. It can occur in various ways, depending on the surface type and environmental
conditions, and cause damage and problems, such as humidity, mold, and structural
deterioration, among others [10].

The main mechanisms by which surface infiltration can occur include percolation,
capillarity, leaks, drainage-system failures, and condensation, described below.

2.1.1. Water Percolation

Water percolation on surfaces occurs when water penetrates a structure through cracks,
fissures, or other defects. It is a continuous process that can cause damage to the structure
over time [11].

The process begins when water from rain or another source comes into contact with
the structure’s surface. If the surface is in good condition and impermeable, the water will
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run off it until it reaches the drainage system. However, if the surface has cracks or fissures,
the water will penetrate the structure.

Cracks and fissures in the structure can be caused by several factors, such as natural
wear and tear, aging of the structure, and water damage, among others. When water pene-
trates the structure, it follows the easiest path through the cracks and fissures, infiltrating
the porous structure [12].

As water penetrates the structure, it can cause significant damage. For example, water
penetrating a concrete wall can corrode the steel bars and weaken the structure. If water
penetrates a brick wall, it can damage the plaster and weaken the structure [13].

It is crucial to perform regular inspections and maintenance, repairing cracks, fissures,
and other defects immediately to prevent water from percolating onto building surfaces. It
is also essential to ensure the drainage system works correctly and uses waterproof and
water-resistant materials whenever possible.

2.1.2. Capillarity

Capillarity of water on surfaces occurs when water is absorbed by porous materials,
such as bricks, concrete, stones, and mortar. These materials have microscopic pores, also
known as capillaries, which allow water to rise through the surface through the action of
surface tension [4].

Surface tension is the physical property that causes water molecules to attract each
other, creating a force that holds water together on a surface. When water comes into
contact with a porous material, it spreads across surfaces. It penetrates capillaries, attracted
by the surface-tension force, which propels it and causes it to rise through the pores. As the
process occurs, water can cause damage to the structure, such as staining, discoloration,
deterioration, and corrosion of materials [10].

Water capillarity on surfaces can be minimized through waterproofing and surface-
treatment techniques. Waterproof coatings, such as paints, varnishes, and sealants, can help
prevent water penetration into porous materials. In addition, the use of water-resistant
materials, such as stone and tile, can also minimize capillarity. However, this natural
process can be difficult to prevent entirely. Therefore, regular maintenance and monitoring
of the structure are essential to ensure its integrity and to prevent water damage [14].

2.1.3. Condensation

Water condensation on surfaces occurs when water vapor in the air comes into contact
with a cold surface and condenses into liquid form. This process can occur on various
surfaces in buildings, such as walls, windows, and roofs [13].

Naturally, the amount of condensed water will depend on the surface temperature and
the relative humidity of the air. Thus, condensation may be more common in environments
with high humidity, such as bathrooms, kitchens, and laundry rooms [4].

Water infiltration caused by condensation can occur when condensed water penetrates
surfaces and seeps into the structure. This can cause damage, such as staining, discoloration,
detachment of coatings, and, in more severe cases, damage to the structure [15].

To prevent condensation and the infiltration caused by it, it is important to maintain
an adequate temperature on the surfaces and a balance in the relative humidity of the air,
which can be achieved through thermal insulation and adequate ventilation, among other
solutions. It is also essential to ensure that surfaces are adequately waterproofed to prevent
water infiltration and that the use and maintenance of waterproofing materials, such as
paints, varnishes, sealants, and membranes, is practical [6].

2.1.4. Leaks

Water leaks on surfaces occur when there is a rupture or failure in hydraulic systems
or structures, allowing the passage of water to unwanted areas. This can occur in different
parts of buildings, such as slabs, roofs, walls, floors, and windows [9].
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Among the leading causes of leaks are the aging of hydraulic systems, problems in con-
nections and welds, failures in construction materials, and changes in water pressure. The
infiltration caused by leaks can cause damage such as humidity, stains, mold, discoloration,
corrosion of structures, damage to coatings, and even structural problems [2].

To prevent infiltration caused by leaks, it is essential to perform regular maintenance
on hydraulic systems and building structures, ensuring that they are in good working
order. In addition, it is essential to ensure that areas vulnerable to leaks, such as slabs and
roofs, are adequately waterproofed. Suitable materials, such as asphalt blankets and liquid
waterproofing, can help prevent the problem [16].

2.1.5. Drainage-System Failures

Drainage-system failures can cause infiltration on surfaces, such as slabs and walls,
when water accumulates on the structure’s surface that needs to be adequately drained.
This accumulation can occur due to several factors, such as heavy rains, clogged gutters
and drains, and problems in rainfall drainage systems [17].

Water accumulating on the structure’s surface can infiltrate pores, cracks, and fissures
in the surface, which can be aggravated by water and weather. Water infiltration in slabs
can generate several problems, such as the formation of moisture, stains, bubbles, and
detachment of coatings, in addition to contributing to the corrosion process of structures
and aggravating structural problems [18].

To prevent infiltration caused by failures in the drainage system, it is vital to ensure
that the system is appropriately sized and sized for local rainfall conditions, in addition
to performing regular maintenance to ensure that gutters and drains are unobstructed [6].
In addition, one should ensure that the structure’s surface, such as the slab, is adequately
waterproofed, utilizing appropriate materials and conducting regular maintenance to
ensure its effectiveness.

2.2. Surface-Waterproofing Techniques

Surface-waterproofing techniques prevent water from entering structures and pre-
vent problems caused by infiltration, such as corrosion, humidity, and detachment of
coatings. Several waterproofing techniques can be chosen according to the characteristics
of the structure, exposure conditions, and level of demand regarding effectiveness and
durability [19].

In the construction market, waterproofing techniques are classified into flexible and
rigid. Rigid waterproofing does not resist the movement of the structure and, therefore,
should be used in stable locations that do not suffer much temperature variation. The
primary example of this technique is polymeric mortar, commonly used in base beams,
floors, walls, and basements. Scheidegger [20] states that flexible waterproofing, with
asphalt and polymers in its composition, better supports the contraction and dilation of the
substrate. Asphalt blankets applied to slabs, roofs, pools, and water tanks are mainly used
in the rigid system.

Furthermore, it is important to consider the water-resistance characteristics of building
materials, especially in areas exposed to water. Concrete, a widely used material in construc-
tion, has specific test methods and requirements to assess its water resistance [21]. These
tests evaluate water absorption, permeability, and durability under moisture conditions.
Adhering to the appropriate standards and conducting thorough testing can contribute to
the waterproofing strategies’ overall effectiveness.

Among the most common surfaces, waterproofing techniques are the application of
asphalt blankets, polymers, polymeric mortars, and special paints, as described below.

2.2.1. Waterproofing with Asphalt Membrane

Waterproofing surfaces using asphalt membrane is one of the most widely used in
construction due to its high efficiency and durability. The process involves applying asphalt
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blankets over the surface to be waterproofed, forming a continuous and water-resistant
layer [4,6]. Figure 1 shows the main steps of this technique [22].
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Figure 1. General stages of waterproofing with asphalt blankets.

The first stage consists of the adequate preparation of the surface to ensure the adher-
ence of the asphalt membrane. This includes cleaning the surface, removing loose or poorly
adhered parts, leveling, and smoothing imperfections.

The second occurs before the application of the mat, protecting the areas that will not
be waterproofed with adhesive tape or other materials to prevent the asphalt membrane
from sticking to these surfaces.

The third involves applying primer, a layer of diluted asphalt product, which is
applied over the surface to be waterproofed. The primer improves the adhesion of the
asphalt membrane and ensures its fixation.

The fourth consists of applying the mat over the primer, using adhesives and heat
for fixation. The asphalt membrane comprises layers of polymer-modified asphalt and
polyethylene or aluminum coatings, ensuring high mechanical resistance and durability.

The fifth and last stage, in turn, comprises applying a protective layer, such as mortar
or a ceramic coating, on some types of asphalt membrane to protect it against the action of
ultraviolet rays, mechanical aggression, and other external agents.

In Brazil, there are technical standards that regulate the use of blankets for water-
proofing surfaces, among which NBR 9574: Waterproofing execution [23], NBR 9575:
Waterproofing—Selection and design [24], NBR 9952: Asphalt blanket for waterproofing [25],
and NBR 9685—Asphalt blankets with reinforcement for waterproofing—Specification [26]
stand out.

There are different types of asphalt blankets on the market, and the choice is based on
the characteristics of each one. The main types used are aluminized blankets, slate blankets,
and polyethylene blankets, which vary in additives, finish, and thickness. These variations
establish the best technique to be used according to the place to be waterproofed.

The aluminized blanket comprises modified asphalt and polymers, is structured with
polyester, and is covered with an aluminized layer. One of the advantages of using this
type of blanket is its ability to reflect the sun’s rays and reduce indoor temperatures. The
disadvantage of its use is its low mechanical resistance, so it should be used in places with
no traffic. The aluminized asphalt blanket is used mainly on slabs without traffic, roofs,
ruffles, and gutters.

The slate blanket is composed of modified asphalt and polymers, and is structured
with polyester, ensuring excellent stability and flexibility. Its surface is coated with granules
of mineral aggregate (slate) available in green, gray, and red, providing an esthetic finish
on roofs. This type of asphalt blanket should be used in places with no traffic, as it has low
resistance to mechanical stress. Some examples of its application are in slabs with no traffic,
marquees, and eaves.

In this context, it is worth mentioning that a protective layer does not cover the slate
and aluminized mats, although Figure 1 suggests this in a generalized way.

The polyethylene blanket comprises modified asphalt and polymers and has a polyethy-
lene finish, providing greater flexibility, adherence, and durability. Unlike other types of
asphalt membranes, the polyethylene membrane cannot be exposed to the sun for more
than 72 h and must be covered with mechanical protection, such as ceramic tiles. The
waterproofing with a polyethylene blanket can be conducted on slabs, pools, and reservoirs,
all with mechanical protection.
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2.2.2. Waterproofing with Polymers

The method of waterproofing surfaces using polymers is a process that involves
applying a polymer layer over the surface to be protected in order to prevent the penetration
of water or other liquids that could cause damage. Sometimes these technologies are also
called “liquid membranes”. The most common waterproof polymers are polyurethane,
acrylic, epoxy, and silicone [27].

The process is similar to using an asphalt blanket and begins with surface preparation.
The surface must be clean, dry, and free of dust, oil, or other contaminants that can impede
the adhesion of the polymer. Next, a primer is applied to help the polymer adhere to the
surface. After the primer is dry, a coat of the chosen polymer is applied, usually using a
roller or a sprayer. Depending on the thickness and desired properties, the final layer can
be wrapped in several thin layers [28].

Polymer curing, in turn, can vary depending on the type chosen but, generally, occurs
through solvent evaporation or a chemical reaction process [29]. It is worth noting that the
manufacturer’s instructions regarding curing time and the waiting time between layers
must be respected. Once the polymer layer is fully cured, it forms a liquid-resistant barrier.
This technique is commonly used in bathrooms, kitchens, slabs, roofs, and foundations to
protect against infiltrations and leaks.

Not least, it should be noted that the waterproofing of surfaces using polymers must
be carried out by qualified professionals, following the applicable safety standards and
regulations. In addition, it is essential to choose a high-quality polymer that is compatible
with the surface to be waterproofed to ensure the protection’s effectiveness and avoid
future problems [30].

2.2.3. Waterproofing with Polymeric Mortar

The technique of waterproofing surfaces using polymeric mortar is a process that
consists of applying a mixture of cement, aggregates, and polymers on the surface to be
protected to create a layer resistant to water and other liquids. Polymeric mortars are
composed of an acrylic polymer, which gives the mixture waterproofing properties [11].

As with the techniques presented previously, the process begins with preparing the
surface, which must be dry and clean. Then, a primer is applied to help the mortar adhere
to the surface. When the primer dries, the polymeric mortar is applied using a straightener
or a spatula. The thickness of the layer depends on the area to be waterproofed and the
desired properties [31].

The curing of polymeric mortar can vary according to the type chosen but generally
occurs through water evaporation or a chemical reaction process. Following the manufac-
turer’s instructions regarding mixing, curing time, and the waiting time between coats is
essential. Once the mortar layer is cured, it will waterproof the surface [32].

The use of polymeric mortars in the waterproofing of surfaces, such as that of polymers,
requires skilled labor and care with safety during application. In addition, the material
chosen must be compatible with the surface to be staked.

2.2.4. Waterproofing with Special Paints

Waterproofing surfaces with special paints involves applying a layer of paint or special
coating over the surface to be staked. There are several special paints for waterproofing
options, including epoxy, polyurethane, acrylic, and liquid rubber [11].

Waterproofing begins by preparing the surface to be clean, dry, and free of dust, oil, or
other contaminants that can impede the adhesion of the special paint or coating. Next, a
primer is applied, and when it is dry, the paint is applied to the surface, usually using a
brush, roller, or sprayer. As with polymers, several thin layers can be applied to comprise
the final coat, depending on the expected properties [33].

The curing of the paint can vary depending on the type chosen but also occurs by
chemical reactions and/or solvent evaporation. After the special coating cures, a liquid-
resistant barrier is formed, waterproofing the surface [34].
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Once again, it is emphasized that trained professionals should perform this type of
service, using high-quality materials compatible with the surface to be waterproofed.

2.2.5. Waterproofing with Cold-Applied and Hot-Applied Bituminous Mastic Compounds

Cold-applied mastic compounds are bitumen-based materials typically supplied in a
ready-to-use form. They consist of bitumen, fillers, and additives that enhance their perfor-
mance. These mastics are applied directly onto the surface to be waterproofed, providing a
flexible and durable barrier against water ingress. The cold application eliminates the need
for heat during installation, making it a convenient and time-saving solution for various
waterproofing applications [35,36].

On the other hand, hot-applied mastic compounds involve heating bitumen to a
suitable temperature, typically using specialized equipment. The molten bitumen is then
applied to the prepared surface, forming a thick, cohesive layer upon cooling. This tech-
nique offers excellent adhesion, ensuring a solid bond with the substrate and providing
long-lasting waterproofing protection. Hot-applied mastics are commonly used in high-
performance waterproofing applications that require superior durability and resistance to
environmental factors [37].

Both cold-applied and hot-applied bituminous mastic compounds offer distinct advan-
tages in surface waterproofing. They possess excellent water-resistance properties, ensuring
the integrity of the protected surfaces. Additionally, their flexibility accommodates struc-
tural movements and temperature variations without compromising the effectiveness of
waterproofing [36,38].

These bituminous mastics are compatible with various substrates, including concrete,
masonry, and metal. They can be applied to horizontal and vertical surfaces, such as roofs,
terraces, foundations, and walls. The choice between cold-applied and hot-applied mastic
compounds depends on specific project requirements, including the expected durability,
application method feasibility, and environmental conditions.

3. Materials and Methods
3.1. Selecting the State-of-the-Art Bibliography

This step aims to select the bibliographic portfolio to present state-of-the-art infor-
mation on applying surface-waterproofing blankets. In other words, it aims to provide a
general and critical overview of the most relevant research and studies published so far to
situate the work concerning the advances already achieved in the study area, identify gaps,
and propose directions for future research.

The ProKnow-C (Knowledge Development Process—Constructivist) method [39],
commonly used in systematic literature reviews [40–43], was used to select the bibliographic
reference. Table 1 details all the steps of ProKnow-C.

Table 1. Stages of bibliographic selection by ProKnow-C.

Stage Description Details Articles

1 Preliminary
research

Definition of databases: Science Direct, Scopus, and Google Acadêmico.
Time frame: 2015 to 2022.
Keywords: (1) Waterproofing, sealing, or impermeabilization;
(2) Blanket, coating, or covering; (3) Slab or floor; (4) Roof;
(5) Infiltration or seepage; (6) Pathology or condition.
Keyword combinations: (a) 1 + 2 + 3; (b) 1 + 2 + 4; (c)1 + 2 + 5; (d) 1 + 4 + 5;
(e) 3 + 5 + 6; (f) 4 + 5 + 6; (g) 2 + 3 + 5.
Database filters: title, abstract and keywords.

447

2 Extraction of articles from
the databases Type of work: full papers published in journals or conferences 250
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Table 1. Cont.

Stage Description Details Articles

4 Elimination
of duplicates Exclusion of articles published in more than one database 232

5 Alignment
by title Articles with a title aligned with the research topic 45

6 Alignment
by abstract Articles with the abstract fully aligned with the research topic 26

7 Full-text retrieval Manuscripts made available in full by the databases 26

8 Full alignment Articles fully aligned with the research theme 17

Table 2 presents the articles that comprise the selected bibliographic portfolio and
their primary information: authors, title, journal/congress, and year of publication.

Table 2. Details of the selected bibliographic portfolio.

Reference Title Journal/Conference Year

Alev et al. [44] Air leakage of concrete floor and foundation
junctions Energy Procedia 2015

Figueiredo et al. [45] Impermeabilização com manta asfáltica de uma
laje plana de cobertura Construindo 2017

Pinto and Aguiar [46] Sistema de impermeabilização com manta
asfáltica e manta líquida em lajes de coberturas Projectus 2017

Sriravindrarajah and
Tran [47]

Waterproofing practices in Australia for
building construction

4th International Conference on
Rehabilitation and Maintenance in Civil
Engineering

2018

Coppola et al. [48] Innovative carboxylic acid waterproofing
admixture for self-sealing water-tight concretes

Construction and Building
Materials 2018

Gonçalves et al. [49]
Environmental and economic comparison
of the life cycle of waterproofing solutions
for flat roofs

Journal of Building Engineering 2019

Ribeiro et al. [50]
Impermeabilização a base de polímero acrílico:
estudo de caso no tratamento de infiltração
da laje de cobertura

Revista Eletrônica da Estácio
Recife 2019

Ksit and Plich [51]
Liquid plastic films as a solution in terms
of tightness problems and roofs aesthetics
improvement–review

Budownictwo i Architektura 2019

Scheidegger [20] Impermeabilização de edificações: mantas
asfálticas e argamassas poliméricas

Revista Científica
Multidisciplinar Núcleo
do Conhecimento

2019

Pinto et al. [52] Infiltration: The disease of the structure ITEGAM-JETIA 2020

Pettersson et al. [53]
On the impact of porous media microstructure
on rainfall infiltration of thin homogeneous
green roof growth substrates

Journal of Hydrology 2020

Van Linden and
Van Den Bossche [54]

Airtightness of sealed building joints:
Comparison of performance before and
after artificial ageing

Building and Environment 2020
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Table 2. Cont.

Reference Title Journal/Conference Year

Neves et al. [55]
Desenvolvimento de um guia de reparos
para diferentes tipos de patologia relativos
à umidade nas edificações

XVI Congreso Latinoamericano de
Patología de la Construcción 2021

Silva and Coelho [56] Pathological manifestations due to infiltration in
garage floors–Case study in Salvador-BA

XVI International Conference
on Pathology and Constructions
Rehabilitation

2021

Reis et al. [57]
Pathologies caused by infiltration in
a long-stay institution for the elderly:
A case study

RECIMA21-Revista Científica
Multidisciplinar 2021

Heinlein et al. [58]
Pre-applied bonded waterproofing
membranes: A review of the history and the
state of the art in Europe and North America

Construction and Building
Materials 2021

Maj and Ubysz [59]
The reasons for the loss of polyurea coatings
adhesion to the concrete substrate in
chemically aggressive water tanks

Engineering Failure Analysis 2022

3.2. Case Study

A case study was conducted to analyze the application of surface-waterproofing
techniques and provide insights that can be useful for future research.

The study object was a high-standard residential building located in Nova Lima,
in Minas Gerais State, Brazil, built on a 526.23 m2 lot and with a constructed area of
245.77 m2, distributed in four suites, two living rooms, two bathrooms, one kitchen, one
leisure area with a swimming pool, one fireplace, one laundry room, and two garages. For
confidentiality reasons, this work did not disclose the residence’s address and the company
name responsible for the construction.

The materials used and the execution of the waterproofing of the following environ-
ments or structures were evaluated: (i) floors and external areas; (ii) slab and water tank;
(iii) bathrooms; and (iv) swimming pool, fireplace, and deck. The technical standards NBR
9574 [23], NBR 9575 [24], NBR 9952 [25], and NBR 9685 [26] were taken as references.

4. Results and Discussions
4.1. Review and Discussion of the Selected Papers

The studies presented below, in chronological order, refer to those shown in Table 2
and address different aspects related to waterproofing, including sealing methods, slab
waterproofing procedures, concrete admixtures, and environmental and economic impacts
of different waterproofing options.

Alev et al. [44] investigated different sealing methods to evaluate their effect on air
leakage in construction joints. The research considered the air-leakage rate of several
commonly used foundation and slab-on-ground joints, such as limestone, external, and
separation walls constructed of lightweight blocks. Different sealing materials were applied
to these constructions, and it was found that the air-leakage rate decreased between 1.3 and
86 times, depending on the method used. In addition, the researchers found that the quality
of the constructions, such as the materials, method, and labor used, also significantly
affected the air-leakage rate.

Figueredo et al. [45] analyzed the waterproofing procedure of a roof slab in develop-
ment intending to achieve 100% water-tightness. The study emphasized the importance of
care in the preparation of the substrate, the knowledge of professionals, and the end user’s
attention regarding the use of the environment, maintenance, and periodic inspections
necessary to maintain efficient waterproofing.

The research by Pinto and Aguiar [46], in turn, aimed to clarify the importance of
waterproofing and the relevance of well-executed projects. The researchers concluded that
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the correct execution of waterproofing, with adequate materials and qualified professionals,
can avoid future inconveniences and high maintenance costs. Furthermore, it is important
to point out that the cost of this measure is reasonable if executed during construction.

Sriravindrarajah and Tran [47] point out that the successful waterproofing of a build-
ing depends on considering several factors, such as product selection, membrane detailing,
drainage design, substrate preparation, design, installation, quality assurance, and main-
tenance. The authors conducted a study in Australia intending to discuss the standards
and codes, membrane systems and performance, waterproofing practices, design and
installation techniques, inspection and testing, and quality assurance adopted by the water-
proofing industry. They stated that implementing proper design and installation techniques
and performing maintenance procedures can significantly reduce the waterproofing failure
rate and repair costs. Therefore, it is essential to consider all these factors to ensure the
effectiveness of a building’s waterproofing system.

In addition to waterproofing methods applied to surfaces, it is also possible to improve
the water-tightness of construction from an admixed concrete. In this sense, the study by
Coppola et al. [48] aimed to evaluate the performance of a carboxylic acid-based mixture
added to concrete. The results obtained experimentally showed that adding the additive did
not negatively affect the mechanical properties of concrete. It was observed that by adding
1% of the additive per mass of cement, there was a halving in water penetration under
pressure compared to concrete without the waterproofing additive at 28 days. In addition,
the mixture proved capable of sealing cracks resulting from plastic shrinkage, showing that
the additive is a promising solution to ensure the water-tightness of a construction.

The study by Gonçalves et al. [49] compared different waterproofing options for
various slabs, considering environmental and economic impacts. The authors analyzed
the risk of global warming, consumption of non-renewable primary-energy resources, and
life-cycle costs. After the analysis, it was concluded that bituminous membranes were the
best option for all slabs, while synthetic EPDM (ethylene–propylene–diene) membranes
showed the highest values.

Ribeiro et al. [50], from another perspective, pointed out the lack of waterproofing
as a significant flaw in daily construction, neglected by the lack of prioritization for the
prevention of construction problems in the country. They pointed out that this practice can
cause structural problems, resulting in much higher repair costs than prevention. In their
case study, they used acrylic and flexible polymer-based products to waterproof the roof of
a residential building, concluding that the roof infiltration was resolved and the products
used ensured the desired service life of the building.

Meanwhile, Ksit and Plich [51] presented liquid-plastic films as a waterproofing
solution composed of a mixture of polymers or polymers and bitumen. These authors’
studies demonstrated that using these plastic films could provide a smooth and uniform
surface, resulting in an excellent aesthetic result and even a “cool roof,” capable of reducing
the greenhouse effect in large cities.

Scheidegger [20] conducted a literature review on the two main waterproofing prod-
ucts: asphalt blankets and polymeric mortar. It was concluded that polymeric mortar is
easier to apply, but it is not recommended for structures subjected to thermal or settlement
movements, which can compromise its water-tightness. Asphalt blankets, on the other
hand, are more resistant to thermal movements or settlements, but their application may
be more complicated, generating possible complications later on.

In the work of Pinto et al. [52], the infiltration process and its consequences were
analyzed, concluding that the lack of adequate waterproofing is generally caused by the
lack of specialization of professionals and the lack of standards for project preparation. The
prioritization of cost over waterproofing can result in maintenance costs of up to 15% of
the total value of the work. In contrast, if proper waterproofing is not performed during
construction, the repair cost can reach up to 50% of the value of the work.

Considering green roofs, Pettersson et al. [53] warn about the need for more data on
their ability to retain and reduce stormwater under different climatic conditions. However,
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their study examined green roof water infiltration at the pore scale and evaluated the
relationship between porous microstructure in thin substrate layers and water infiltration.
Studies evaluating different microstructures and different heights of standing water on the
porous medium surface were conducted, which demonstrated the relationship between
microstructure and flow homogeneity by analyzing saturation, liquid–gas interfacial area,
pore-size distribution, porosity, and infiltration depth. Thus, the authors concluded that
the knowledge of these relationships allows for optimizing the performance of the green
roof concerning rainfall duration time from the material used in the substrate treatment.

Van Linden and Van Den Bossche [54] conducted an experimental study in Belgium
to evaluate the performance of different joint-sealing materials for the water-tightness
of constructed buildings. The materials evaluated were tapes, silicone, base materials,
coatings, foam sealing tapes, and polyurethane foams, which were subjected to different
parameters. The study’s results indicated that the choice of waterproofing materials should
be reached carefully, as all tested materials performed well in waterproofing. However, it
was observed that the labor skill used in applying the materials had a significantly more
significant impact on the materials’ performance than the life cycle. Therefore, it was
concluded that skilled labor is critical to ensure the proper performance of joint-sealing
materials in buildings.

Neves et al. [55] developed a guide to detect and solve the main pathological manifes-
tations in Brazilian residences related to moisture. The guide was created from a literature
review of the leading causes of pathology and included the types, manifestations, origins,
risks, and a repair guide. The material also contains information about the leading suppli-
ers of products for these repairs and a study of the processes to be carried out. Although
the valuable life of a repaired construction does not compare with a well-developed, ren-
dered compatible, and well-executed construction, the authors indicated, among other
aspects, that the Brazilian market has good-quality brands that offer good services and
assist their consumers.

Silva et al. [56] conducted a case study evaluating pathological manifestations due to
infiltrations in a building in Salvador, Bahia, Brazil. Diagnostic techniques were used to
identify the primary damage and determine the appropriate repair methodologies. It was
concluded that the investigation methods were essential to identify the risk in each pathol-
ogy found in the building and find the necessary repair method to prevent degradation.

Reis et al. [57], in turn, investigated the leading causes of pathology and moisture
damage to enable better health and mobility conditions for the elderly at the Carlos Romeiro
Asylum, located in Conselheiro Lafaiete, Minas Gerais State, Brazil. On-site inspections
were conducted to identify and analyze the damage and define the appropriate repairs in
each case. The authors concluded that, in addition to repairs, repairs to leaking pipes, im-
proving the water-tightness of the reservoirs, and cleaning and unblocking surface drainage
devices would be necessary. Installation of roofing and/or application of waterproofing
blankets were raised as ways to treat the damage.

According to Heinlein et al. [58], the use of waterproofing membranes has grown
in recent years, evidenced by the increase in the number of manufacturers, patents, and
membranes on the market. However, it is essential to note that these membranes are only
efficient if installed by qualified professionals due to possible adhesion problems that can
arise in the application and preparation of the surfaces to be waterproofed.

The study by Maj and Ubysz [59] finally analyzed the use of polyurea coating to protect
concrete surfaces, intending to reinforce waterproofing in water and other liquid tanks. To
ensure water-tightness, it is essential to pay attention to the phenomena of diffusion and
osmosis, and to take prudent measures in preparing the substrate, using primers, adequate
coating thickness, and avoiding micropores and holes. In addition, the authors state that it
is essential to schedule periodic coating inspections.

The analysis of the articles mentioned above reveals several relevant types of research
on the application of surface waterproofing blankets, covering a broad theme. These studies
address water infiltration in constructions, the importance of waterproofing forecasting,
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analysis of existing techniques, and the feasibility of new approaches. The diversity of
studies on the subject highlights the importance of waterproofing in civil construction, with
the growing need to improve construction quality and increase structures’ life span.

4.2. Case Study

A case study was conducted in a residence located in Nova Lima, Minas Gerais State,
Brazil. The construction in question comprises structural masonry, two floors, and a water-
proofed slab roof. The project included solar and photovoltaic heating, air-conditioning
infrastructure, a sound system, an electric car-charging point, a swimming pool, and
a fireplace.

Next, the waterproofing methods used in this residence are presented, divided into
different areas: floors and external areas; slab and water tank; bathrooms; swimming pool,
fireplace, and deck. An analysis of the chosen waterproofing method and its application
techniques was performed based on the NBR 9574 standard [23].

4.2.1. Floors and External Areas

The floors were waterproofed from the beginning of the project in different stages and
methods, according to the infiltration risks and use of the area.

When the first slab was made, supported on the ground at the beginning of the project,
it was necessary to waterproof the contact between the concrete and the soil to avoid the
capillarity phenomenon. The first waterproofing was conducted using a 150-micron tarp
(Figure 2), thicker than an ordinary tarp, usually with 50 to 100 microns, and, therefore,
offering a better performance and useful life. After applying the tarp, EPS (expanded
polystyrene) sheets were placed over it (Figure 3) to increase the distance between the
ground and the concrete, and to take advantage of the characteristics of EPS, which is
highly resistant to mold and moisture. The tarp method was also used under the concrete
ramp for vehicle access to the upper garage (Figure 4) to avoid capillarity between soil
and concrete.
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4.2.2. Slab and Water Tank

Using waterproof slabs for the conventional roof has become more common in high-
end residences. The conventional roof demands more time to build and requires frequent
maintenance. On the other hand, the waterproofed slab requires an advanced water-
proofing system because it is directly exposed to rain and humidity, and concrete is not a
waterproof material.

The method chosen to waterproof the slab in this study was aluminized asphalt
blanket. Despite the high cost of the material and labor, the material was chosen due to
its high waterproofing capacity. In addition, as the slab is a non-traffic area, no additional
coating (mechanical protection) was required, which avoids extra costs. The same material
was used to waterproof the water tank, an area with a high risk of infiltration due to
possible leaks.

A specialized team should apply asphalt blanket on the slab due to the complexity of
the service, handling, and adherence of the blanket. The professional must be careful when
joining blanket rolls, dealing with corners, and, especially, when making the necessary
holes in the slab, such as drains for drainage and air-conditioning pipes.

The application method consists of preparing the slab by applying a layer of mortar to
render the surface smooth and free of imperfections to receive the blanket. This mortar layer
is also essential to ensure water drainage, foreseen at the moment of the slab’s concreting,
directing it to the drains and avoiding the accumulation that could damage the slab. Next,
general cleaning is conducted on the surface to be waterproofed, using a broom and a
powerful vacuum cleaner.

After this process, a primer composed of polycondensed asphalt cement diluted in
solvents is applied (Figure 5a,b), which increases the adhesion between the asphalt-based
waterproofing system and the surface. With the primer applied, modified asphalt sheets
are heated to dissolve and apply them, thus, beginning the process of adherence of the
asphalt mats to the surface (Figure 5c,d)—although not detailed above, applying a hot layer
is usually required for the blanket application. The professional distributes the roll of the
mat on the slab and uses a blowtorch to ensure the adherence of the mat and the modified
asphalt to the surface (Figure 5e).

After the blanket application is completed on the entire slab (Figure 5f), it is necessary
to wait for drying time and perform the water-tightness test. This test aims to verify the
effectiveness of the blanket applied and correct any details, if necessary. In the water-
tightness test, the slab is completely flooded with water to a certain height, usually above
the finished floor level. It is then observed whether leaks or seepage occur over a certain
time, usually 24 h. If any leakage is found by the inspection in the lower floor below the
slab, it will be evident by moisture stains under the slab, and the responsible team must
correct this failure and perform the test again, ensuring no more leaks. It is essential to
mention that no standards exist for performing this test. It is conducted based on the
experience of the professionals when dealing with these waterproofing materials.

181



Eng 2023, 4

Eng 2023, 4, FOR PEER REVIEW 14 
 

 

used to waterproof the water tank, an area with a high risk of infiltration due to possible 
leaks.  

A specialized team should apply asphalt blanket on the slab due to the complexity of 
the service, handling, and adherence of the blanket. The professional must be careful 
when joining blanket rolls, dealing with corners, and, especially, when making the neces-
sary holes in the slab, such as drains for drainage and air-conditioning pipes.  

The application method consists of preparing the slab by applying a layer of mortar 
to render the surface smooth and free of imperfections to receive the blanket. This mortar 
layer is also essential to ensure water drainage, foreseen at the moment of the slab’s con-
creting, directing it to the drains and avoiding the accumulation that could damage the 
slab. Next, general cleaning is conducted on the surface to be waterproofed, using a broom 
and a powerful vacuum cleaner.  

After this process, a primer composed of polycondensed asphalt cement diluted in 
solvents is applied (Figure 5a,b), which increases the adhesion between the asphalt-based 
waterproofing system and the surface. With the primer applied, modified asphalt sheets 
are heated to dissolve and apply them, thus, beginning the process of adherence of the 
asphalt mats to the surface (Figure 5c,d)—although not detailed above, applying a hot 
layer is usually required for the blanket application. The professional distributes the roll 
of the mat on the slab and uses a blowtorch to ensure the adherence of the mat and the 
modified asphalt to the surface (Figure 5e). 

After the blanket application is completed on the entire slab (Figure 5f), it is necessary 
to wait for drying time and perform the water-tightness test. This test aims to verify the 
effectiveness of the blanket applied and correct any details, if necessary. In the water-
tightness test, the slab is completely flooded with water to a certain height, usually above 
the finished floor level. It is then observed whether leaks or seepage occur over a certain 
time, usually 24 h. If any leakage is found by the inspection in the lower floor below the 
slab, it will be evident by moisture stains under the slab, and the responsible team must 
correct this failure and perform the test again, ensuring no more leaks. It is essential to 
mention that no standards exist for performing this test. It is conducted based on the ex-
perience of the professionals when dealing with these waterproofing materials. 

   
(a) (b) (c) 
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4.2.3. Bathrooms

As this is an environment with much contact with humidity, it is also necessary to
worry about infiltration in this area. In the building under study, the method used for
waterproofing the bathrooms was the application of polymeric mortar. This material was
chosen mainly due to its easy application, not requiring specialized labor, and low cost. The
product used, the waterproofing material “tec plus top” by Quartzolit, is intended for use
in humid areas such as bathrooms, kitchens, service areas, walls, baseboards, and planters.

Applying the waterproofing material followed the manufacturer’s recommendations
and the NBR 9574 standard [21]. First, the liquid component was mixed with the powder
component using a metal rod attached to a drill. Then, using a brush, the first layer of the
mixture was applied on the floors and walls (up to a height of approximately 1.80 m) of
the bathrooms (Figure 6) and then reapplied after drying in the opposite direction to the
application of the first coat. This way, the bathrooms were released for the finishing stage,
covering floors and walls with ceramic tiles and protecting them from humidity.
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Figure 6. Bathroom after applying waterproofing.

4.2.4. Pool, Fireplace, and Deck

The pool, fireplace, and deck waterproofing were conducted using a polyethylene
asphalt blanket. This type of blanket is chosen for these areas due to its greater flexibility,
resistance, and durability. Unlike other surfaces, the pool, the fireplace, and the deck are
subject to a much higher volume and time of exposure to humidity, besides being places
with foot traffic, which require mechanical protection on the asphalt membrane.

The waterproofing process of the deck, pool, and fireplace surfaces started with
verifying the drainage system and testing the water flow toward the area’s drains. After
this verification, these areas were cleaned using brooms and vacuum cleaners. Then,
the primer was applied to the pool, fireplace, and deck surfaces (Figure 7a), preparing
them to receive the asphalt. Then, a layer of modified asphalt was applied and melted
with a blowtorch to adhere the mat to the surface (Figure 7b)—while it was not explicitly
mentioned earlier, it is typically necessary to apply a layer of hot material when using the
blanket application method.
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Then, applying the polyethylene asphalt blanket on the surfaces was started, using
a blowtorch to melt the modified asphalt and ensure the adherence of the blanket. After
finishing the application of the blanket on the pool surfaces (Figure 8), deck, and fireplace,
the water-tightness test was performed, as was conducted on the slab, to verify the water-
proofing guarantee. Next, the pool, fireplace, and deck were filled with water up to the
limit of the edges (Figure 9).
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Figure 9. (a) Pool, fireplace, and deck in the water-tightness test; and (b) pool in the water-
tightness test.

As proven to be water-tight after the test, the next step would be plastering the pool
and fireplace and the counter flooring of the deck to apply the lining later. For this type of
blanket used, before receiving the lining, chicken wire was applied to the entire surface of
the pool and fireplace (Figure 10a) using mortar to facilitate the adherence of the plaster to
the blanket and prevent future detachment of the ceramic linings. After the preparation
with the chicken wire and the mortar on the polyurethane asphalt blanket, the pool and
the fireplace were plastered, and the counter-flooring was added to the deck. Then, these
surfaces were covered with porcelain tiles or ceramic pieces (Figure 10b).
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5. Conclusions

This paper aims to present the surface-waterproofing methods available on the Brazil-
ian construction market and their main applications, focusing on asphalt blankets. The
study analyzed how infiltration occurs and its pathologies, thus, showing the impor-
tance of surface waterproofing for construction. Specifically, the following conclusions
were reached:

(i) The main mechanisms of water infiltration into surfaces in construction are percola-
tion, capillarity, condensation, leaks, and drainage-system failures. These mechanisms
can cause damage to structures, such as humidity, stains, mold, deterioration, and
corrosion, compromising the integrity and durability of buildings;

(ii) Surface waterproofing techniques are widely used in civil construction to avoid
problems caused by water infiltration, such as corrosion, humidity, and detachment
of coatings. Among the available techniques are the application of asphalt blankets,
polymers, polymeric mortars, special paints, and cold or hot mastic compounds.
Waterproofing with asphalt blankets is one of the most used due to its high efficiency
and durability;

(iii) State-of-the-art information has shown, among several aspects, that (a) different seal-
ing methods can significantly reduce the rate of air leakage in construction joints,
depending on the sealing material used; (b) the correct execution of waterproofing,
with appropriate materials and qualified professionals, can avoid future inconve-
niences and high maintenance costs; (c) the implementation of proper design, installa-
tion, inspection, and maintenance techniques can significantly reduce waterproofing
failure rates and repair costs; (d) concrete admixtures can be used to improve the
water-tightness of construction without compromising the mechanical properties of
the material; and (e) the proper choice of waterproofing materials, along with the
skill of labor in the application, is critical to ensure the proper performance of these
materials in buildings;

(iv) The case study described the methods and materials used to waterproof different
areas of the residence. Specifically, it was shown that (a) for waterproofing the floors
and external areas, a 150-micron canvas, thicker than common canvas, was used,
along with EPS sheets to avoid the capillarity phenomenon; (b) the slab and the
water tank were waterproofed with the use of aluminized asphalt blanket due to
its high waterproofing capacity; (c) in the bathrooms, a polymeric mortar was used
as the waterproofing method due to its ease of application and low cost, with the
subsequent laying of ceramic tiles; (d) the waterproofing of the pool, fireplace, and
deck was conducted with the use of polyethylene asphalt blanket, due to its flexibility,
resistance, and durability, and later these surfaces were coated with porcelain tiles
or ceramic tiles. Thus, the importance of choosing the appropriate method for each
environment was highlighted, aiming to prevent damage caused by water infiltration.

Future Research Directions

This work presented the primary forms of waterproofing available on the market,
focusing on asphalt blankets. However, it was limited to a case study in a single residence.

The following topics are suggested for future research:

(i) Investigate the importance of labor skills and training in adequately applying sealing
materials and their relationship to the overall performance of building waterproofing;

(ii) Conduct experimental studies to evaluate the performance of different admixtures
that can be added to concrete to improve its waterproofing, considering mechanical
properties, resistance to water penetration, and crack-sealing ability;

(iii) Investigate the environmental, economic, and performance impacts of different water-
proofing options available on the market, considering factors such as global warming,
consumption of energy resources, life-cycle cost, and durability.
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Abstract: Structural health monitoring (SHM) is crucial for ensuring the safety and performance of
offshore platforms. SHM uses advanced sensor systems to detect and respond to negative changes
in structures, improving their reliability and extending their life cycle. Model updating methods
are also useful for sensitivity analysis. It is feasible to discuss and introduce established techniques
for detecting damage in structures by utilizing their mode shapes. In this research, by considering
reducing the stiffness of elements in the damage scenarios, we conducted simulations of the models in
MATLAB, including both two-dimensional and three-dimensional structures, to update the method
suggested by Wang. Wang’s method was improved to produce a sensitivity equation for the damaged
structures. The sensitivity equation solution using a subset of mode shapes data was found to evaluate
structural parameter changes. Comparing the updated results for Wang’s method and the suggested
method in the two- and three-dimensional frames showed a noticeable modification in damage
recognition. Furthermore, the suggested method can update a model containing measurement
errors. Since Wang’s damage detection formulation is suitable only for 2D structures, this modified
framework provides a more accurate decision-making tool for damage detection of structures,
regardless of whether a 2D or 3D formulation is used.

Keywords: structural health monitoring; damage detection; model updating; modal parameters;
offshore platform

1. Introduction

Due to distinct reasons, such as earthquakes, waves crashing, fatigue, and erosion,
offshore platforms are faced with some changes in their structural properties, which can
cause structural failure, people’s deaths, and economic damage [1]. Thus, structural safety
and performance require early detection, monitoring, and analysis of the damaged structure.
Different methods have been developed to identify the damage location and severity using
non-destructive tests and detection algorithm responses [2]. According to the damaging
effect, the damage detection algorithms can lead to a detectable change in a structure’s
response [3].

There are generally two methods used to update the trends in structural health moni-
toring: applying forces or stresses and measuring the structural response. Damage detection
using dynamic data has more advantages in comparison with static techniques, which
can be more sensitive to changes in structural parameters and structural damage [4]. The
dynamic characteristics of a structure, such as its mass, stiffness, and damping, can vary
because of damage. As a result, damage detection techniques often rely on changes in
these characteristics, as measured by modal data, such as natural frequencies, mode shapes,
and damping ratios. In practice, natural frequencies can be measured more accurately
than mode shapes and are, therefore, often used to update structural models [5]. However,
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changes in natural frequencies alone do not provide detailed information about the location
or extent of damage. Therefore, utilizing mode shape data is considered to be a more
valuable approach for model updating, despite the mathematical and practical challenges
that it poses [6]. Modal data covering the natural frequencies and the mode shapes have
been considered by researchers in recent decades.

Regarding the response, updating techniques can be classified into methods based on
the mode and response. Updating a technical model based on the mode involves obtaining
modal properties, which are given by indirectly measured frequency response function
(FRF) data. Structural parameters are updating techniques that are applied using direct
methods or iterative approaches [7,8]. A straightforward method for calibrating structural
models involves adjusting the mass and stiffness parameters to match the numerical data
to the measured modal data [9]. However, these changes may not be easily interpreted
in terms of physical changes to the structure. An iterative updating approach that uses
experimental data or frequency response function (FRF) data and techniques for updating
finite element (FE) models to account for sensitivity may be required to better understand
the effects of damage on a structure [10–13].

Detecting damage using experimental modal data [14] can be difficult due to noise
and limited nodal points. There are different methods to address this issue, such as
using the imperialist competitive optimization algorithm with damage functions and
incorporating variable widths and weights. Another approach [15] involves combining
incomplete modal data with sparse regularization techniques to improve the accuracy and
robustness of damage identification. This method does not require sensitivity analysis or
complete modal data and uses a new goal function. Structural damage is detected by using
mode shape changes or the mode shape itself. Wang et al. [16] undertook a sensitivity
analysis of the structural parameters. They also achieved dynamic modification directly
and indirectly through modal data analysis. Kim and Stubbs [17] presented an algorithm
for identifying structural damage in jacket offshore structures using few-mode shapes.
Ren et al. [18] used mode shape data to locate and quantify structural damage. They
proposed using sensitivity equations that involve all mode shapes of the undamaged and
damaged structures. However, the need for complete mode shape data can be a limitation
in structures with a high degree of freedom, making it difficult to apply the method in
real-world scenarios. Lee et al. [19] used the cross-modal method as a reliable proposed
method to recognize the damage in jacket offshore platforms when incomplete modal data
is available.

Shahsavari et al. [20] undertook a mode shape analysis with the likelihood ratio (LR)
test to specify damage. Wang et al. [21] introduced the kriging model as a secondary model
to optimize by frequency response function instead of focusing just on the one FE model
repeatedly. Umar et al. [22] remarked on a new response surface methodology (RSM), which
used both the natural frequencies and mode shapes to upgrade the damage recognition.

Hariri-Ardebili et al. [23] coupled a polynomial chaos expansion metamodel and
modal analysis to find the most vulnerable areas of arch dams in an efficient way.
Dahak et al. [24] declared an approach based on normalized natural frequencies using
experimental data in order to recognize damage in a cantilever beam. Khatir et al. [25]
achieved a new method for the determination of cracks, which simultaneously investi-
gates changes from measured frequencies experimentally and by using particle swarm
optimization.

Model updating methods use the modal parameters elicited from vibration data in
the structures, which were measured before and after damage. In order to distinguish
the damage intensity in structures, Park et al. [26] presented a damage intensity function
to clarify the relationship between damage intensity and multiple-per-revolution (MPR)
changes for the baseline model. Schacht et al. [27] produced a modified method for damage
evaluation in which the modified indexes were found using a given function combined with
a genetic algorithm (GA). The identification of damage in truss and beam-like structures
which was achieved using FRF data combined with optimization techniques [28], presenting
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the fastest solution compared with other approaches that used a GA and bat algorithm
(BA) to find the location and severity of the damage.

Pérez and López [29] developed a fully functional SHM system based on spectral
domain indices. They characterized a comparison between experimental data and nu-
merical data, which led to a careful assessment of proposed spectral correlation indices
(SCIs) for structural evaluation and damage identification. Khatir et al. [30] indicated one
specific approach that has two steps in order to assess damage in beam-like structures
using two dimensions, namely, isogeometric analysis (IGA) and finite element method
besides optimization techniques. Abasi et al. [31] presented a damage identification method
using the nearest neighbor search method to evaluate structures. Consequently, the nearest
neighbor search method was rather strong for noisy data in comparison to the artificial
neural network.

Sensitivity-based model updating can be done based on mode shape changes [32]. The
accurate assessment of mode shape changes by considering unknown structural parameters
is a crucial issue for updating a model. A sensitivity equation can be linear or of a higher
degree. Linear sensitivity needs measurement in all freedom degrees, which is a challenging
issue for real structures. Furthermore, the first-order Taylor series expansion enables the
calculation of a linear formula for updating the model.

Iannelli et al. [33] researched using deep learning to identify damage in large space
antennas. They explored the use of a long short-term memory neural network for the
classification of various types of damage, and the results indicate successful detection.
Wang ad Wu [34] suggested an enhanced version of explicit connectivity Bayesian networks
for analyzing system reliability. Their approach considers multiple failure modes and the
probabilistic relationships between different components.

To understand the relationship between changes in the mode shapes and structural
parameters, a sensitivity equation was employed to revise the model. This equation
utilizes eigenvector derivatives, and various techniques were proposed by researchers to
calculate these derivatives. One method is the modal method, which is used to estimate
the derivative of mode shapes based on design variables. Another method, which is called
the Nelson method, is a reliable way to evaluate eigenvalue derivatives. Additionally, the
Wang method, which improves upon the modal method by incorporating a quasi-static
term into the eigenvector derivative equation, was shown to accelerate the convergence
of the modal method [35–37]. Damage detection by using both modal and Wang methods
leads to similar results, which were confirmed using the equation. The superiority of the
Wang method is because of its better convergence [38].

In this article, a brief consideration of both standard damage recognition methods
(modal and Wang’s methods) is presented. An improved model updating method based
on natural frequencies combination was suggested. To enhance Wang’s method [37] for
accurate damage recognition in both two-dimensional and three-dimensional frames, an
updated model incorporating measurement errors and precise damage identification was
employed. This update involved utilizing the natural frequency of the damaged structure
to establish a more precise correlation between changes in mode shapes and structural
parameters. Wang’s damage detection formula is limited to 2D structures, but this adapted
framework provides a precise tool for identifying damage in structures, irrespective of their
2D or 3D formulation.

According to our detailed review in Section 1, the need for proposing a modified
damage detection framework based on Wang’s model formed the backbone of the current
study. Since Wang’s damage detection formulation is suitable only for 2D structures,
this study was centered on extending the applicability of Wang’s model to 3D structures.
Furthermore, one may note that it can be appealing to increase the accuracy of Wang’s
model by adding an error metric during updating the model. To meet these two major
contributions of this study, some ingredients are required, which are comprehensively
described in the following.
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In Section 2, the background theory of Wang’s model is introduced, along with the
basis of the updating procedure. Next, assumptions for numerical simulation and the
configuration of strain gauges are described briefly in Sections 3 and 4, respectively. The
application of the proposed formulation for 2D and 3D structures is demonstrated in
Section 5. Finally, the major contributions and outputs of this study, in conjunction with
some recommendations for future works, are described in Section 6. This research de-
veloped an improved SHM method that extends the capability of existing techniques,
enabling accurate damage detection in both 2D and 3D structures, and accommodating
model updates and measurement errors. This advancement can significantly enhance the
reliability and effectiveness of structural health monitoring systems for offshore platforms
and other structures.

2. Description of Theory and Analysis Method
2.1. Theory

This section provides a brief overview of the methods presented in Wang’s model [37]
and the modal method. It also mentions the characteristic equation of eigenvalues for an
undamaged structure (without damping), which is introduced by Equation (1).

Kϕi = (λi M)ϕi f or i = 1, . . . , n (1)

In the equation provided, Knxn and Mnxn represent the structural stiffness matrix and
mass matrix, respectively. The variable ϕi is the eigenvector and λi is the ith eigenvalue.
The square of the ith natural frequency is represented by ωi and the number of freedom
degrees is represented by n. By taking the derivative of both sides of the equation, the
equation can be rewritten.

(
K′ − λi M′

)
ϕi + (K− λi M)ϕ′i − λ′i Mϕi = 0 (2)

The derivative of an eigenvalue can be found by multiplying Equation (2) through by
ϕT

i , as shown in Equation (3).

λ′i = ϕT
i
(
K′ − λi M′

)
ϕi (3)

where λ′i, K′, and M′ give the derivatives of eigenvalues, stiffness matrix, and mass matrix,
respectively. Based on the modal method, the derivative of the ith eigenvector is expressed
as a series expansion of all eigenvectors:

ϕ′i =
n

∑
j=1

cij ϕj (4)

Moreover, the factor cij is defined as follows:

cij =

{
1

λi−λj
ϕ′ j(K

′ − λi M′)ϕi i f i 6= j

−0.5ϕ′ j Mϕj i f i = j

}
(5)

The modal method or Fax formula is a common way to appraise the derivative of a
mode shape. Wang [37] presented the modified modal method. Using Wang’s method
leads to expressing the derivative of the ith mode shape as a linear combination of mode
shapes, as indicated by Equation (6).

ϕ′i = ϕ′i0 +
n

∑
j=1

aij ϕj (6)

ϕ′i0 = −K−1(K′ − λ′i M− λi M′
)

ϕi (7)
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In Equation (6), the combinatory coefficients demonstrate the share of the jth mode
shape, as expressed by Equation (8).

aij =

{
λi
λj

1
λi−λj

ϕj
T(K′ − λi M′)ϕi i f i 6= j

−0.5ϕj
T M′ϕj i f i = j

}
(8)

Wang’s method [37] is employed for determining the derivative of the modal shapes.
In this method, the derivatives of the eigenvalues must be taken into consideration.
Equation (3) serves as the sole means of evaluating the derivatives of natural frequen-
cies in response to design variables. Accordingly, the initial evaluation of alterations in
modal shapes is presented by Equation (9), wherein p constitutes a diagonal matrix of
stiffness parameters.

δϕi =
∂ϕi
∂p

δp = −K−1
(

∂k
∂p

δp−
(

∂λi
∂p

δp
)

M− λi
∂M
∂p

δp
)

ϕi +
n

∑
j=1

ϕj ϕ
T
j

λi
λj

1
λi − λj

(
∂K
∂p

δp− λi
∂M
∂p

δp
)

ϕi (9)

The matrices of mass and stiffness of linear function are unknown matrices from
structural parameters:

∂K
∂p

δp = δK (10)

∂M
∂p

δp = δM (11)

As a result, eigenvalue changes can be found as follows:

∂λi
∂p

δp = δλi (12)

A method was developed for determining structural damage by analyzing changes in
the natural frequencies. δλi can be calculated using the following equation:

δλi = λid − λiI (13)

Equation (13) can be used to account the accuracy and logical value for δλi in compari-
son to Equation (3). Consequently, the mode shape changes can be revealed by replacing
Equation (13) in Equation (9), and thus, rewriting it as Equation (14).

δϕi = δλiK−1Mϕi − K−1(δK− λiδM)ϕi +
n

∑
j=1

ϕj ϕ
T
j

λi
λj

1
λi − λj

(δK− λiδM)ϕi (14)

The first term of Equation (14) is calculated by utilizing the damaged structure, which
measures the natural frequencies, mass, stiffness, and mode shapes. Therefore, it can be
utilized instead of the parametric formula of this term for updating the model.

To define the term δϕia, Equation (9) is rewritten as follows:

δϕi = δϕi − δϕia = −K−1(δK− λiδM)ϕi +
n

∑
j=1

ϕj ϕ
T
j

λi
λj

1
λi − λj

(δK− λiδM)ϕi (15)

δϕia = δλiK−1Mϕi (16)

Since the changes in the structure’s mass matrix are minimal, even after destruction,
the difference in mass can be discarded. The stiffness matrix as a function of structural
parameters is depicted by Equation (17).

[K] = [A][P][A]T (17)
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Matrix A, with dimensions of npxnp, is referred to as the stiffness connectivity matrix.
It is a diagonal matrix, with the stiffness parameters of elements, which are represented by
npx1 P-forms and P-vectors, serving as its input.

diag[P] = {P} (18)

The total stiffness matrix, as stated in Equation (19), is a linear function of the stiffness
parameters. Furthermore, the matrix [A] is not dependent on the matrix [P].

[K + δK] = [A][P + δP][A]T (19)

Expanding Equation (19) and subtracting it from Equation (17) leads to obtaining a
parametric form of the total stiffness matrix, as revealed in Equation (20).

[δK] = [A][δP][A]T (20)

If Equation (20) is accommodated in Equation (19), the changes in the ith mode shape
can depend on changes in the stiffness parameters:

δϕi = SK
ϕiδPk (21)

Equation (22) illustrates the relationship between the strain and the displacement.

δεi = SK
εiδPk (22)

SK
εi = −K−1 ASdiag(AT

S ϕi) +
n

∑
j=1

ϕj ϕ
T
j

λi
λj

1
λi − λj

ASdiag(AT
S ϕi) (23)

As an overview, the steps for updating the model are provided in the following
flowchart (Figure 1). The purpose of updating the model is to align the predicted results of
the model with actual measurements by adjusting certain key parameters. The distance
between the theoretical and experimental outcomes is often measured using the mean of
the least squares, and thus, updating the model can be seen as a problem of structural
optimization. Since the variation of the ith mode shape is related to changes in the stiffness
parameters, by altering the natural frequency and mode shape of healthy modes and mea-
suring the strain, we can obtain changes in the diagonal matrix, including the eigenvalues
of the combined stiffness matrix of the components. Finally, the structural update process is
compared with the individual components. If the results are not in agreement, the process
is repeated with variations in stiffness. The steps in the flowchart are as follows:

∅I
i : ith eigenvector in the healthy state;

λI
i : ith eigenvalue in the healthy state;

Knew: updated stiffness;
δk: stiffness variation;
δεi: strain variation.

2.2. Analysis Method

In practical applications, the successful utilization of vibration information models
is limited due to measurement errors. These errors can arise from factors such as noise
during frequency and mode measurements of the structure being tested. Such errors have
undesirable consequences, as they can lead to failures going undetected or result in exces-
sive predictions of failure. To simulate the presence of errors and noise in the measurement
process, random noise of 1% was generated using MATLAB software. This noise was then
multiplied by the mode shape of the damaged structure. The noise application loop, which
operated outside the failure detection loop, generated a noise matrix for each iteration.
The loop ran fifty times, creating fifty noise matrices. Each time, failure detection was
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performed, and the average of the detected failures over fifty iterations was calculated.
Additionally, the standard deviation was computed and plotted to indicate the dispersion
of failure detections across the fifty noise applications. By simulating fifty measurement
errors, the goal was to mimic a scenario where the structure’s response was measured fifty
times in a laboratory, with failure detection performed each time. This method aimed to
assess the accuracy of the approach in the presence of measurement errors.
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3. Assumptions and Constraints of Numerical Modeling

In this research, we assumed that damage causes a change in the stiffness of structural
elements, and this change, along with reduced flexural stiffness, applies to the structure.
The proposed method links the alterations in the valid parameters to the mode shape of a
structurally damaged object, as informed by the data. The stiffness matrix can be computed
by adding together the stiffness matrices of the parts, as outlined in Equation (24).

K =
nE

∑
r

Kr (24)

Here, Kr represents the contribution of a specific part to the overall stiffness matrices,
and nE stands for the number of elements. Hence, the behavior of the stiffness matrix can
be rewritten as follows:

δK =
nE

∑
r=1

δKr =
nE

∑
r=1

(K rd −Kr) =
nE

∑
r=1

δKrKr (25)

Krd symbolizes the stiffness of the rth element when it is damaged, and δKr is a scalar
multiplier that demonstrates the proportional changes in the stiffness of the rth element in
both damaged and undamaged states. The fluctuation of axial rigidity is indicated by the
value of δKr, which is obtained from the truss elements. Equation (25) is utilized to modify
both the bending and axial rigidities in frame elements through decomposition.

To use methods of damage identification, the response of the structure should continue
to display linear behavior after a seismic load; this method supposed which analytical
model of the structure should be obtained before applying this method. The linear finite
element modeling for a healthy structure was monitored as a basic model update to detect
parameters of structural model stiffness [26]. For verification, the simulated structure was
updated with the finite element method of the structural model and the behavior of the
existing model was consistent with the realistic structural model.

The proposed method’s effectiveness was examined in two models in this study. The
approach was tested on a two-dimensional frame with 32 elements that underwent multiple
damage scenarios. Additionally, the same method was tested on a three-dimensional frame
that had 48 elements.

In the study, the mode shapes of the damaged structure were subjected to noise [14]
about fifty times. Furthermore, by applying the same noise level (around 1%), the mea-
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surement error and standard deviation value were calculated. To ensure a reliable solution,
several factors needed to be considered, including the type and location of the sensor,
the type and location of the excitation, the quality of the measurement data (measure-
ment error), the accuracy of the mathematical model (modeling error), and the numerical
methods used.

4. Installation of the Strain Gauge

The placement of strain gauges on 2D and 3D frames depends on the specific require-
ments of the structure and the type of information needed for the analysis. Typically, strain
gauges are placed at critical locations on the structure, such as near joints, supports, or
areas susceptible to damage. For 2D frames, strain gauges are typically installed at the top
and bottom of the frame, while for 3D frames, they can be placed on different faces of the
structure to capture the deformations in different directions. The specific positioning of
strain gauges can be determined through careful analysis and modeling of the structure to
ensure the accuracy and reliability of the collected data. In this study, natural frequencies
and mode shapes were acquired from sensors and applied to the damaged structure. The
data was used to detect damage by using optimized equations, which improved Wang’s
method. The performance and validity of this approach were verified and investigated for
both 2D and 3D frames. Due to various factors that affect the detection of the structure,
a limited number of sensors must be used to measure strains, including determining the
sensor location for access to different sides of the structure and measuring capabilities.
Hence, the sensor location was determined based on the element’s strain energy density,
which is calculated using Equation (26).

Ue
i = 1

2
{

ϕe
i
}Tke

{
ϕe

i
}

f or e = 1, . . . , ne i = 1, . . . , n (26)

The strain energy density is close to the same strain energy density of the whole
structure assigned as a target element, and it can generally be used to find the behavior
of the structure. According to the circumscription of the use of strain gauges, the number
of gauges in the 2D frame and 3D frames were limited to 18 and 20 units, respectively.
Moreover, by using trial and error as a fundamental method for solving the problem, the
strain gauges were placed in various positions along the length of the elements, where
these distances were 3/4, 1/2, and 1/4. The positions of the strain gauges in the 2D and 3D
frames are depicted in Figure 2.
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5. Damage Detection of Offshore Structures Using the Proposed Formulation
5.1. Two-Dimensional Frame Analysis

Based on Figure 3, a one-bay four-story frame was modeled to investigate the suffi-
ciency of the proposed method in order to complete the model and identification of the
structural damages. All 32 elements of the frame were constructed of steel material. The
specification of the steel structure, including the elasticity modulus, density, circular cross-
section with a thickness of 2 cm, and moment of inertia were 2.1 GPa, 7850 kg/m3, 307 cm2,
and 91,430 kg/m2 respectively. During the simulation of a damaged two-dimensional
frame structure, measurements were taken at specific locations. These locations include
elements at positions 32, 31, 30, 28, 25, 24, 21, 20, 17, 16, 15, 14, 12, 9, 8, 7, 5, and 1.
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The unknown parameters in the two-dimensional frame were flexural rigidity (EI)
and axial rigidity (EA), where E and A are used to define the elasticity modulus and cross-
section of the element, respectively. The structural response of the two-dimensional frame
is influenced by both the flexural and axial behavior, by which the rigidities should be
allocated to update the model.

However, the excitation of a structure in axial mode differs from reality. The measur-
able mode shapes are often low mode shapes, which are dominated by flexural behavior.
The axial rigidity as an unknown parameter has a minimum contribution rate on the sen-
sitivity equations, which can lead to obtaining incompatible sensitivity equations and a
lack of convergence. Hence, this article places significant emphasis on the consideration of
flexural rigidity.

The geometry of the frame was entered into the numerical modeling and the damage
was modeled. To estimate and investigate the effectiveness of the parameters, the location
and severity of several instances of damage were classified, as shown in Table 1.
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Table 1. Percentage of stiffness reduction of elements for the considered damage scenarios(2D).

Damage Case 1 2 3 4 5 6

Element no. 11 25 22 7 21 15
Damage rate 20% 20% 30% 20% 30% 20%
Element no. 13 26 27 10 23 17
Damage rate 40% 30% 20% 30% 20% 20%
Element no. 16 32 31 20 25 24
Damage rate 20% 40% 40% 30% 20% 30%
Element no. . . . . . . . . . 30 29 25
Damage rate . . . . . . . . . 40% 40% 30%
Element no. . . . . . . . . . . . . . . . 29
Damage rate . . . . . . . . . . . . . . . 40%

For instance, the damage for case 3 was modified by three modes, where an increasing
trend in element number from 22 to 31 correlated with downward and upward percentage
changes in damage of approximately 10% and 20%, respectively.

Measurement errors are inevitable, where this issue is due to the preparation process
of the experimental and real data; determining the damage using Wang’s method [37] and
the proposed method was influenced by measurement errors. In this study, we assumed
the measurement spread between the lowest and highest measured values. To resemble
the measurement errors, some errors with uniform distribution were added to the correct
information. To correctly simulate the measured data, one percentage of error was added
to strain data with a uniform distribution.

Monte Carlo simulation (MCS) is the most robust and accurate method for estimating
the probability of failure [39]. MCS [40] is a statistical method that uses random variables
with a probability distribution to simulate measurement errors for unknown inputs in
a problem. The damage detection algorithm repeatedly uses a set of data errors that
are randomly simulated, and similar conditions are applied in the damage recognition
process based on the absolute difference between the methods. Numerical simulations were
performed using 50 observations, and the average of all results was used as the predicted
damage for each damage scenario. The results of the parameter estimation, including the
predicted and actual damage ratio of the 2D frame model in six cases, are displayed in
Figures 4 and 5.

Figure 4 illustrates that the proposed method was accurate in diagnosing the location
and severity of the damage while the Wang method [37] did not have the ability to recognize
the damage. The given information and the input data were mostly the same for both
methods. Consequently, the sensitivity equation was accurate and reliable, and it improved
the results of the model updating.

Scattering of the obtained damage detection results using 50 Monte Carlo simula-
tions [40] around the average value could be measured by using a standard statistical
measurement known as the coefficient of variation (COV) or relative standard deviation
(RSD), which gives the ratio of the standard deviation to the average value. The COV index
is used for robustness evaluation against measurement errors, and a low level of the COV
denotes the power of the method. In more detail, a higher COV value indicates that small
changes in the monitored variable can have a larger impact on the structure, making it
more sensitive to variability. In terms of health monitoring, higher COV values can affect
reliability and safety, introducing uncertainty and variability that may impact the overall
performance. When assessing risks and making decisions related to health monitoring,
higher COV values suggest a higher level of risk and uncertainty, calling for additional
measures to mitigate potential failures or accommodate variability in the design. Therefore,
COV values in health monitoring provide important insights into the variability and its
implications for reliability, safety, and risk assessment.
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Figure 4. Predicted and actual damage ratio of the 2D frame model using the present method.

The COV does not have a limited number or an upper bound. The COV is calculated
as the ratio of the standard deviation to the mean of a variable, expressed as a percentage.
Since both the standard deviation and mean can take any positive value, the COV can
theoretically range from 0% to positive infinity. However, it is important to note that the
COV is not a suitable measure for variables with a mean close to zero or approaching
zero, as it can lead to undefined or misleading results. The coefficients of variation of the
predicted damage are shown in Figure 5.
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current method.

The COVs indicated less variability in the results of the evaluated parameters in the
proposed method. Certain metrics are employed to quantitatively compare the accuracy of
the results. This accuracy can be assessed through the closeness index (CI), which measures
the proximity between the actual and predicted damage vectors.

CI = 1− |δPP − δPa|∣∣δpp
∣∣ (27)

The closeness index (CI) [41] is a measure of the accuracy of the predicted damage pa-
rameters. It is calculated as the distance between the actual damage vector (δpp) and the pre-
dicted damage vector (δPa), with dimensions of npxp, as shown in Equations (17) and (27).

The CI quantitatively evaluates how similar the predicted damage vector is to the
actual damage vector. Higher values of the CI indicate greater similarity between the
predicted and actual damage vectors, leading to more accurate damage detection results.

200



Eng 2023, 4

Using the CI as a performance metric allows researchers to compare the effectiveness of
different damage detection methods, which can result in the development of more precise
and dependable techniques for structural systems. The use of the CI can also enhance
the overall safety and performance of structural systems by enabling the early detection
of damage, which can be repaired or reinforced before a catastrophic failure occurs, thus
increasing the system’s durability and resilience.

The accuracy of the proposed method based on the results obtained is presented
in Table 2. The CI index is defined in this table to determine the accuracy of the failure
detection. The closer the CI value is to one, the more accurately the failure value is
predicted, and the closer it is to zero, the less accurately the failure value is calculated [41]
The proposed method in this study identified the damaged elements (Table 1) with high
accuracy. The accuracy of the method was evaluated by calculating the proximity index;
for example, in the first case, 0.64768 was obtained, indicating the accuracy of the proposed
method. Additionally, this table demonstrates that the results were reliable and had
low variability.

Table 2. Closeness indexes of the estimated parameters of the 2D frame model using the
present method.

Damage Case Closeness Index (CI)

1 0.64768
2 0.74341
3 0.76866
4 0.66808
5 0.62217
6 0.64667

The results of the CI for different damage cases are presented in Table 2 and indicate
the effectiveness of the proposed method in improving the sensitivity equation.

5.2. The Assessment of the 3D Frame

Referring to Figure 6, a one-bay four-story frame was modeled to investigate the
usefulness of the proposed method in order to produce the model and identify the damage.
Finite element analysis was performed for a three-dimensional frame element to simulate
and compare the experimental data.

In the 3D frame, the steel element properties were as follows: elasticity modulus
of 2.1 GPa, a density of 7850 kg/m3, and a moment of inertia limited to 91,430 kg/m2.
Moreover, the cross-section’s element was 307 cm2. To process data of a damaged structure,
measurements were made using elements 2, 4, 7, 12, 8, 15, 16, 20, 23, 24, 27, 28, 29, 30, 35,
37, 38, 43, 44, and 46.

The unknown parameters in a three-dimensional frame are the torsional rigidity GJ,
flexural rigidity EI, and axial rigidity EA, where E is the elasticity modulus, G is the shear
modulus, and A is the cross-section of each element. In three-dimensional mode, torsional
and flexural rigidity appeared too. Several instances of damage are explained in Table 3.
For instance, for damage case 2, the number of elements changed simultaneously with the
damage percent. In more detail, for element number 32, when the damage rate was limited
to 50 percent, and for element number 45, the damage rate remained the same.
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Table 3. Percentage of stiffness reduction of elements for considered damage scenarios(3D).

Damage Case 1 2 3 4 5 6

Element no. 29 32 10 17 5 17
Damage percent 50% 50% 30% 30% 30% 40%

Element no. 33 45 18 25 14 21
Damage percent 50% 50% 20% 30% 20% 30%

Element no. . . . . . . 23 34 20 27
Damage percent . . . . . . 40% 30% 50% 20%

Element no. . . . . . . . . . . . . 46 40
Damage percent . . . . . . . . . . . . 30% 20%

In order to check the effects of the damage location and severity to estimate the
considered parameters, we updated the model results by using 50 sets of data containing
modeling errors, as shown in Figure 7. A comparison between the damage prediction
results using the Wang and proposed methods indicated that accurate results of parameter
estimation could be achieved using the presented method, while Wang’s method was
not able to recognize the damage. Results of the parameter estimation base using the CI
index are shown in Table 4. The obtained CI values denoted the accuracy of the proposed
method for predicting the stiffness parameters of a moment frame. The COV values for the
predicted damage are shown in Figure 8.

Table 4. Closeness index of the estimated parameters of the 3D frame model using the
present method.

Damage Case Closeness Index (CI)

1 0.88691
2 0.60954
3 0.7718
4 0.6474
5 0.55761
6 0.62643
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6. Conclusions

This research focused on the goals of structural health monitoring (SHM) and the
limitations of Wang’s method in accurately assessing damage in two-dimensional and three-
dimensional structural elements, particularly in offshore structures. This study reviewed
Wang’s method and proposed a new method to enhance its accuracy and applicability for
2D and 3D structural elements.

In this study, six damage cases were considered for assessing and achieving the CI
and COV indexes, and by using the proposed equation, the failure rates in 2D and 3D
structural elements were calculated with appropriate accuracies. For example, a COV
value of 0.04 suggests that the standard deviation is only 4% of the mean value, indicating
that the data points are relatively close to the mean and exhibit limited variability. This
level of consistency can be advantageous in applications where precision, accuracy, and
reliability are critical, such as in high-precision manufacturing, quality control processes,
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or safety-critical systems. This method can be used to improve structures with axial and
bending behavior. Due to the high sensitivity of the strain to failure and the high accuracy
of the sensitivity equations, an enhanced SHM method for accurate damage detection in 2D
and 3D structures that accommodates model updates and measurement errors enhances
the reliability and effectiveness of structural health monitoring systems.

The following could be the focus of potential future studies: Due to the importance
of seismic loads for offshore structures, the impact of the ground motion record [42,43]
on the SHM of offshore structures using the proposed damage detection method can be
investigated in future works.

Combining the probabilistic risk assessment methodology introduced in [44] and the
proposed damage detection formulation for assessing the lifecycle of offshore structures.

A comparison of the proposed method with other well-known damage detection
techniques, such as the finite element method, to evaluate the performance and accuracy of
the method in different structures.

An evaluation of structural damage through the soil–structure interaction by consider-
ing the seismic analysis results of soil deposits, which can obtain a better understanding
of the behavior of the soil–structure system and design structures that can withstand the
effects of earthquakes [45].

An extension of the proposed method to more complex structures, such as bridges [46]
and post-tensioned joints [47,48], to validate the method’s adaptability to a wider range of
structures. The damage assessment of joints in the frame structure [49] can be a useful way
to produce better designs based on performance.

An integration of the proposed method with other structural health monitoring tech-
niques, such as strain and load monitoring, to provide a comprehensive view of a structure’s
behavior and health.

An extension of the proposed method to include the analysis of non-linear struc-
tures, such as those with large deformations and material non-linearities, to evaluate its
applicability to a wider range of structures.
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Nomenclature

A Structure stiffness joint matrix
Ae Non-zero eigenvector stiffness matrix
B Strain–displacement matrix
d Damage mode index
I Healthy mode index
K Structure stiffness matrix
M Structure mass matrix
ne Number of elements
P Diagonal matrix of stiffness parameters
Pe Stiffness parameters vector
T Transform matrix
Ue Displacement vector’s eth element
εe Strain of eth element
∅I ith mode shape
λI ith natural frequency
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Abstract: Most of the larger hydropower plants in Western Europe, the former Soviet Union, North
America and Japan were constructed between the 1940s and 1970s. This implies that the rehabilitation
or repair of existing dams is a top priority, which entails new challenges for the dam engineering
community. Since no two dams are the same, in cases in which abnormal behavior is suspected, an
in-depth diagnosis of the state of the dam to define the causes and consequences of the damage is
required. To illustrate the diagnostic process, an old concrete arch dam is presented which showed
signs of reservoir water seepage through some construction joints, resulting in a buildup of calcium
carbonate on the downstream face. After analyzing the available data, we put forward a hypothesis
that the high temperature gradient promoted the opening of some construction joints on the upstream
face during the first filling of the reservoir. Over time, water penetration expanded the cracks,
reaching the downstream face. To prove our diagnosis, a chemo-thermo-mechanical finite element
analysis was carried out in order to simulate the behavior of the dam during its construction and
initial impoundment.

Keywords: concrete arch dam; finite element chemo-thermal-mechanical analysis; diagnosis; first filling

1. Introduction

Between the 1940s and 1970s, spurred initially by World War II and followed by
strong post-war economic and population growth, state-owned utilities built significant
hydropower developments throughout Western Europe, as well as the former Soviet
Union, North America and Japan [1]. These water infrastructural projects were critical to
economic development of the agriculture and energy sectors. Since the 1980s, however,
the number of new dams in developed countries has started to decline. This slowdown
in dam construction resulted from several political-ecological factors: (i) the economics of
construction (the best and most economical sites were exploited first); and (ii) the increased
awareness of the need to consider the environmental impact of large dams [2,3].

Concurrently, water availability and climate change have been topics of increasing
concern in recent decades. To face this situation without constructing new dams, devel-
oped countries have no other option than continue using the existing dams as much as
possible [4]. This implies that the repair, rehabilitation or strengthening of existing dams
should be carried out in order to enhance their performance, extend their service life and
increase their load-carrying capacity.

Similar to other concrete structures, concrete dams are inherently durable and usually
require a minimum amount of repair and maintenance. However, with the passage of
time, the exposure of a dam to various external and internal aggressions can lead to the
deterioration of the structure.

One of the most harmful distress mechanisms affecting the durability and service-
ability of aging structures is the alkali–aggregate reaction (AAR). Due to its impact on the
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safety and durability of concrete structures, many efforts to harmonize and coordinate the
diagnosis, prognosis and assessment of evaluating AAR damage are underway through
the International Union of Laboratories and Experts in Construction Materials, Systems
and Structures (RILEM) [5,6].

However, there are many causes of concrete damage in dams apart from AARs [7,8].
Freezing–thawing and drying–wetting cycles, structural overload, cracking due to seismic
actions or non-uniform foundation movements, thermal and shrinkage volumetric changes,
cavitation, abrasion–erosion, and sulfate attack are some examples of causes of damage to
concrete. Design and construction defects, poor-quality concrete, poor finishing and poor
curing can lead to concrete suffering damage.

In addition, there are a number of other factors that may affect service life, resulting in
the necessity of strengthening dams. Changes in the design criteria (hydrology and seismic
hazards) based on new information obtained since the initial design of a dam, changes in
methods of analysis, and new safety concepts or the results of risk assessments (new risks
and changes in risk acceptance criteria) can trigger the need to strengthen actions [8].

The planning, design, implementation and monitoring of a repair and/or strengthen-
ing project should always begin with a careful assessment of the existing structure. The
purpose of this assessment is to identify all defects and damage, to diagnose their causes
and hence to assess the present and likely future adequacy of the structure. The information
obtained from the structural assessment can then be used to determine whether corrective
work is required. Without prior planning and proper assessment, any program of corrective
work is likely to prove ineffective [9].

However, historically, the repair of concrete dams has been based at least as much
on art as on science [7]. Determining the cause of damage has often been given very little
importance by technicians, who make decisions based on their expertise and intuition [10].

In order to improve practices and knowledge in concrete dam repair, the U.S. Bureau
of Reclamation, which operates and maintains hydroelectric and water resource structures
in the Western United States, has invested a lot of effort into formulating a consistent
and systematic approach to repairing concrete. In this regard, the importance of a correct
diagnosis was emphasized:

The first and very important step of repairing damaged or deteriorated concrete
is to correctly determine the cause of damage. Knowing what caused the damage,
and reducing or eliminating that cause, will make the repair last longer. If no
attempt is made to eliminate the original cause of damage, the repair may fail
as the original concrete did, resulting in wasted effort and money (von Fay [7],
p. 1–13).

With the purpose of organizing a diagnostic procedure, Pardo-Bosch and Aguado [10]
and Blanco et al. [11] outlined a framework to aid in the diagnosis of different pathologies
that affect concrete dams based on the theory used in medical diagnosis. In this context,
numerical models have been proven to be important tools for the study and validation of
hypotheses elaborated during this diagnosis procedure [12–14].

Following the above approach closely, the present article illustrates the diagnostic
process of an old concrete arch dam, which shows signs of reservoir water seepage through
some construction joints, resulting in a buildup of calcium carbonate on the downstream
face. After analyzing the available data, we put forward a hypothesis that the high tem-
perature gradient promoted the opening of some construction joints on the upstream face
during the first filling of the reservoir. Over time, water penetration expanded the cracks,
reaching the downstream face. To prove this diagnosis, a chemo-thermo-mechanical finite
element analysis (FEA) was carried out in order to simulate the behavior of the dam during
its construction and initial impoundment.

2. Diagnosis Procedure

According to [10,11], the sequence of activities can be divided into two main stages:
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1. The first stage, which usually lasts a few weeks, involves the following:

a. Clinical history;
b. Filed (dam) inspection;
c. Initial cabinet works;
d. First hypothesis.

2. The second stage, which may take weeks to months, entails the following:

a. Laboratory tests;
b. Numerical modeling;
c. Validation of the hypothesis;
d. Prediction of future behavior.

3. Dam Description

The dam studied in this article was completed in 1955 and is located in the central
region of Portugal. It is a double-curvature, thin concrete arch dam with 17 keyed monoliths,
a maximum height of 63 m and a crest length of 175 m at an elevation of 181 m. The
width is 2 m at the crest and 7 m at the base of the largest monolith. The dam has a
surface uncontrolled spillway along its crest designed for a maximum discharge capacity
of 2200 m3/s. The reservoir’s normal level is 175 m. A concrete pad (called socle in
Portugal) was added to the foundation to make the site symmetrical and to provide a better
distribution of stresses on the foundation, as shown in Figure 1.
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Figure 1. Upstream view and vertical cross section of the dam.

The dam foundation corresponds to a contact zone of Cambrian and Silurian forma-
tions, with the special feature being that the left bank consists of granite and the right bank
consists of schist. Both rocks are very siliceous and, in general, the rock mass is fractured
and presents weathering near the surface [15].

The monitoring system consists of several devices to measure concrete and air temper-
atures, water level, displacements in the dam and its foundation, joint movements, strains
and stresses in the concrete, pressure and discharges in the foundation.
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Because of the lack of pendulum, the geodetic surveying method is the exclusive
source of horizontal displacements. This planimetric system consists of triangulation
networks on the downstream banks, as shown in Figure 2.
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4. Clinical History and Field Inspections

Apart from the already cited article [15] published by the former owner of the dam,
Hidroeléctrica do Zêzere, which describes the preliminary studies, design, construction
and material tests of the dam, most of the information used in the present work comes
from internal technical reports by the National Laboratory for Civil Engineering (LNEC).
However, it is important to note that the most relevant results of these reports have also
been previously published in different conferences and journals [16–19]. Description of
the concrete composition used in the dam and other relevant thermal information are also
available in Silveira’s thesis [20].

4.1. Dam Design

It is important to note that in the 1950s, two different approaches were used to perform
stress analyses of dams on both sides of the Atlantic. In the USA, the design of dams was
based on an extensive analytical method, the so-called trial-load method, developed by
the U.S. Bureau of Reclamation. Meanwhile, European countries, mainly France, Italy and
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Portugal, preferred the use of small-scale structural models rather than the time-consuming
trial-load method to find the final shape of the dam. As a result, the arch dams constructed
in Europe were thinner than those constructed in the USA [21,22].

In the present case, the preliminary design of the dam was based on the “independent
arch” theory. According to this theory, the dam was assumed to be divided by horizontal
planes into arch rings of units of vertical height. These rings were considered to work as
independent arches.

For the final design of the dam, small physical (or scale) model tests were carried out
in the LNEC. The tests were performed in homogeneous plaster–diatomite models at a
scale of 1/200. Figure 3 illustrates the principal stress path obtained using brittle varnish
technique, the average principal stresses obtained in the tests for a reservoir water level
of 177.5 m and the composition of these stresses with the stresses computed by analytical
method for the self-weight of the dam.
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Figure 3. Principal stress on the downstream face (on the left) and on the upstream face (on the right)
obtained by model tests (adapted from [16]).

At the same time, in order to reach a more meaningful estimate of the margin of safety,
tests up to failure were also performed. To this aim, a technique was employed of loading
with jacks that simultaneously increased the dead weight and water load, thus reproducing
progressive reductions in the concrete strength, as shown in Figure 4.

4.2. Dam Construction and Initial Impoundment

The construction of the dam took place between October 1954 and September 1955.
The first filling of the reservoir began in 1955, with the dam still under construction.

The grouting of the contraction joints was carried out in various stages between May
1955 and March 1956. During May and June 1955, with the dam still under construction,
the grouting of the lower part was performed, between the foundation and the level at 135
m. The middle part between the levels at 135 m and 155 m was performed in August 1955.
Finally, the grouting of the upper part took place between February and March 1956, in
correspondence with the first emptying of the reservoir.

Between August and September 1958, a second emptying of the reservoir took place,
however no work was reported at that time.
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A.- Compressive failure at the arch crown
B.- Flexural failure at the arch abutments
C.- Failure due to thrust
D.- Secondary failures

Figure 4. Tests up to failure of the dam (adapted from [18,23]).

4.3. Cracking Evolution

The existence of water seepage through some construction joints has been known since
1976. As time passes, the leaching from the concrete has been forming calcium carbonate
deposits on the downstream face of the dam. Besides these water leaking cracks, several
construction joint openings also exist at a lower level.

Figure 5 shows the evolution of the downstream face’s appearance over nearly 25 years.
The oldest photograph of the damage that the authors could find goes back to some time
before 1992 and corresponds to the inventory of dams in Portugal published in 1992 [24].
The rest of the photographs correspond to the periodic inspections carried out by LNEC
since 2002. The major change observed in this period corresponds to January 2007, when a
new seepage path through another construction joint appeared in the monolith G–H.
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As part of the safety inspection, the owner of the dam has performed periodical crack
surveys since 1982. These surveys allow us to identify and locate the existent cracks, as
well as follow their evolution, as shown in Figure 6.
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Figure 6. Crack survey carried out in March 2012.

In addition, some cracks were instrumented with joint meters. Figure 7 shows, from
top to bottom, in the first graph, the monthly average temperature and the water level, and
in the following three graphs, the monitored opening of joint meters installed in crack 3,
crack 5 and crack 7, respectively, for the period between 2002 and 2016.
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5. Cabinet Works and Initial Diagnosis Hypothesis 
Apart from the open construction joints, the dam did not present any other signifi-
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AAR was not observed. Nevertheless, the displacements of the dam were analyzed in or-
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It is worth noting that the properties of construction joints are greatly influenced by 
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Figure 7. Monthly average air temperature, reservoir levels, and monitored crack openings between
2002 and 2016.
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5. Cabinet Works and Initial Diagnosis Hypothesis

Apart from the open construction joints, the dam did not present any other significant
signs of concrete deterioration. The classic symptom of map cracking induced by AAR
was not observed. Nevertheless, the displacements of the dam were analyzed in order to
detect any signs of irreversible displacements. As it has already been established, in arch
dams, internal concrete swelling phenomena usually induce upstream drift and crest rises,
even before cracking takes place. Since irreversible displacements were not detected, any
swelling processes could be excluded from our study.

Additionally, with respect to progressive deformation, it is important to note that,
although there is no sign of non-recoverable deformation in the no-stress strain meters
located in most of the dam, the no-stress strain meters installed near the foundation have
been showing signs of concrete swelling since 2001. However, this phenomenon is limited
and does not justify, at this moment, further investigation.

After excluding an ongoing swelling process effect, thermal stresses were identified as
the main cause of the opening of the construction joints.

It is worth noting that the properties of construction joints are greatly influenced
by how the joints are prepared before pouring the next lift of concrete. Even with good
preparation, the strength and fracture energy at a construction joint are much lower than
the values for mass concrete, creating horizontal planes of weaknesses [25]. Therefore, it
is not surprising that vertical tensile stresses were released by the opening of the nearest
construction joints.

As the open construction joints with water seepage (cracks 3, 5 and 24) show a very
slight opening seasonal variation compared with the cracks situated under the level of
150 m, as illustrated by Figure 7, the phenomenon associated with each type of cracking
was considered as a different type.

For the lower cracks, the high seasonal fluctuation together with the absence of seepage
suggest that they are thermal fatigue cracks due to the seasonal thermal variation acting
on the downstream face of the dam. These fatigue cracks do not propagate a lot in depth.
Thus, they do not compromise the behavior of the structure under static loads and their
formation will be not studied in this paper.

On the other hand, the formation of the cracks located over the level of 150 m was asso-
ciated with the fact that the initial impoundment started with the dam under construction.
The upper concrete lifts did not have enough time to release all the heat of hydration before
being in contact with the cold water. Once opened, the water pressure within the cracks
triggered additional damage and weakened the fracture properties. This effect coupled
with the hydrostatic pressure slowly opened a water path to the downstream face, leaching
calcium carbonate.

In the following section, the formation of the cracks over the level at 150 m due to
thermal stresses generated during the initial impoundment will be investigated using FEA.

6. Finite Element Model

In their guidelines for nonlinear FEA of existing concrete structures and infrastructures,
Hendrix et al. remark:

A finite element model of a structure is an abstraction of the physical structure
with a number of assumptions, generalizations, and idealizations. The abstraction
process has two distinct steps: first, the abstraction from the structure to the
mechanical model, and then the abstraction from the mechanical model to the
finite element model. In the first step, assumptions and simplifications have to
be made regarding to which extent and to which detail the structure has to be
modeled, how the boundaries of the model are described, which loads on the
structure are significant and how they are described, et cetera. The second step
is to discretize the mechanical model into a finite element model, and attach the
necessary attributes such as material models, boundary conditions, and loading
to the finite element model (Hendrix et al. [26], p. 9).
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Indeed, FEA requires a great number of a priori modeling decisions. These decisions
require a certain level of expertise and are quite subjective in nature, leading to considerable
differences in the approaches adopted. As pointed out by Saouma and Hariri-Ardebili [27]
(p. 243), “the selected finite element analysis is often a compromise between: (a) needs and
time constraint, (b) our understanding of the problem and of nonlinear analysis, (c) tools
available, and (d) quality of results expected”.

Based on previous experience in modeling the behavior of concrete arch dams during
initial impounding [28], a chemo-thermal-mechanical model is elaborated to investigate the
crack formation during the first filling of the reservoir. First, a chemo-thermal analysis using
the chemical affinity concept is carried out to determine the temperature distribution during
the construction and the initial impoundment of the dam. Then, a nonlinear viscoelastic
analysis is performed in order to obtain the structural response of the dam, with particular
focus on the nonlinear behavior caused by the opening and closure of the contraction joints
as well as the interface between the dam and the foundation.

6.1. Finite Element Mesh

For the finite element analysis, the double curvature concrete arch dam and an ade-
quate volume of the foundation are represented as shown in Figure 8.

Eng 2023, 4 1274 
 

 

6.1. Finite Element Mesh 
For the finite element analysis, the double curvature concrete arch dam and an ade-

quate volume of the foundation are represented as shown in Figure 8. 
The dam model comprises four layers of 20-node solid elements. To facilitate the 

transmission of data from the chemo-thermal analysis to the mechanical analysis, the 
same solid elements’ mesh is utilized for both the thermal and the mechanical analysis. 

In order to take into account the influence of the contraction joints in the mechanical 
analysis, the arch is divided into 17 monoliths. The contraction joints and the dam–foun-
dation interface are represented by 16-node zero-thickness interface elements. The model 
consists of 5200 solid elements and 968 interface elements. 

 

Figure 8. Finite element model of the dam. 

6.2. Thermal Analysis 
6.2.1. Governing Equations 

For a stationary medium, the transient heat conduction equation is given as follows: 𝜕𝜕𝑥 ൤𝑘௫ 𝜕𝑇𝜕𝑥൨ + 𝜕𝜕𝑦 ൤𝑘௬ 𝜕𝑇𝜕𝑦൨ + 𝜕𝜕𝑧 ൤𝑘௭ 𝜕𝑇𝜕𝑧൨ + 𝐺 = 𝜌 𝑐 𝜕𝑇𝜕𝑡  (1) 

with the following boundary conditions: 𝑇 = 𝑇ത            in  Γ் (2) 

𝑘௫ 𝜕𝑇𝜕𝑥  𝑙 + 𝑘௬ 𝜕𝑇𝜕𝑦  𝑚 + 𝑘௭ 𝜕𝑇𝜕𝑧  𝑛 + 𝑞௖  + 𝑞௥ + 𝑞௤ = 0      in  Γ௤ (3) 

and the following initial condition: 𝑇 =  𝑇௢         in  Ω  for 𝑡 = 𝑡௢ (4) 

where 𝑡 is the time; 𝑇 is the temperature; 𝑘௫, 𝑘௬ and 𝑘௭ are the thermal conductivities; 𝐺 is the internally generated heat per unit of volume and time; 𝜌 is the material density; 𝑐 is the specific heat; 𝑇ത is the temperature at the boundary Γ்; 𝑞௖ is the heat flux due to 
convection; 𝑞௥ is the heat flux due to radiation and 𝑞௤ is the solar radiation absorption 
at the boundary Γ௤; 𝑙, 𝑚 and 𝑛 are the direction cosines; and 𝑇௢ is the temperature at 
time 𝑡௢. It is noteworthy that the convention in expression (3) is positive when heat flux 
flows outwards from the body [29]. 

Figure 8. Finite element model of the dam.

The dam model comprises four layers of 20-node solid elements. To facilitate the
transmission of data from the chemo-thermal analysis to the mechanical analysis, the same
solid elements’ mesh is utilized for both the thermal and the mechanical analysis.

In order to take into account the influence of the contraction joints in the mechani-
cal analysis, the arch is divided into 17 monoliths. The contraction joints and the dam–
foundation interface are represented by 16-node zero-thickness interface elements. The
model consists of 5200 solid elements and 968 interface elements.

6.2. Thermal Analysis
6.2.1. Governing Equations

For a stationary medium, the transient heat conduction equation is given as follows:

∂

∂x

[
kx

∂T
∂x

]
+

∂

∂y

[
ky

∂T
∂y

]
+

∂

∂z

[
kz

∂T
∂z

]
+ G = ρ c

∂T
∂t

(1)

with the following boundary conditions:

T =
−
T in ΓT (2)
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kx
∂T
∂x

l + ky
∂T
∂y

m + kz
∂T
∂z

n + qc + qr + qq = 0 in Γq (3)

and the following initial condition:

T = To in Ω for t = to (4)

where t is the time; T is the temperature; kx, ky and kz are the thermal conductivities; G is
the internally generated heat per unit of volume and time; ρ is the material density; c is the

specific heat;
−
T is the temperature at the boundary ΓT ; qc is the heat flux due to convection;

qr is the heat flux due to radiation and qq is the solar radiation absorption at the boundary
Γq; l, m and n are the direction cosines; and To is the temperature at time to. It is noteworthy
that the convention in expression (3) is positive when heat flux flows outwards from the
body [29].

The convective heat transfer between the structure’s surface and the air is influenced
by the wind speed and air temperature. The heat gain or loss from a surface due to
convection is given as follows:

qc = hc(T − Ta) (5)

where hc is the convection heat transfer coefficient and Ta is the air temperature.
Due to the difference in temperature between the structure’s surface and the sur-

rounding air, the surface of the structure emits electromagnetic radiation known as thermal
radiation. This radiation is measured by the Stefan–Boltzmann law as follows:

qr = ε σ
(

T4 − T4
a

)
(6)

where ε is the emissivity of the surface and σ is the Stefan–Boltzmann constant given as
5.669 × 10−8 W(m2 K). However, when T and Ta are close, which is the normal condition
in civil engineering structures, it is possible to rewrite (6) in a quasi-linear form as follows:

qr = hr(T − Ta) (7)

where hr is the radiation linear coefficient defined as follows:

hr = ε σ
(

T2 − T2
a

)
(T − Ta) (8)

As a result, the total heat transfer can be calculated by combining the contribution of
both heat transfer mechanisms, convection and radiation, leading to the definition of a new
coefficient called total thermal transmission coefficient, ht. In essence, this new coefficient
is a convection heat transfer coefficient that is updated to consider radiation.

Finally, the solar radiation boundary condition is given as follows:

qq = a IT (9)

where a is the absorption coefficient and IT is the solar irradiance.

6.2.2. Chemo-Thermal Model

Different mathematical formulations as a function of time, representing the evolution
of heat of hydration in adiabatic conditions, have been proposed. In reality, however,
hydration does not evolve adiabatically, and the heat source is greatly affected by the actual
values of the temperatures that develop inside the concrete. As a result, the time parameter
by itself is insufficient to accurately describe the progress of the hydration reaction. Due
to the reciprocal relationship between the rate of hydration and the temperature of the
concrete, it is necessary to explicitly model the effect of the actual temperature and the
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rate of reaction when calculating both the temperature development and the hardening
process [30].

The evolution of the hydration reaction is represented by an Arrhenius-type equation
that takes into consideration the thermo-activation and exothermic nature of the reaction,
following the hydration kinetic model based on the thermodynamics of multiphase porous
media proposed by Ulm and Coussy [31], in which the variation of the skeleton mass
(reaction velocity) dm

dt in [mol/s] is expressed as follows:

dm
dt

=
1
η

A exp
(

Ea

RT

)
(10)

where η is a viscosity term representing the increase in physical barrier of calcium silicate
hydrates (CSH), which tends to isolate the cement grain from the free water, and depends
on the state of the hydration reaction; A is the affinity of the chemical reaction or, in other
words, the thermodynamic force associated to the rate of hydration formation, which also
depends on the state of the hydration reaction; Ea is the apparent thermal activation energy,
which is considered to be constant with relation to the hydration degree; R is the universal
constant of gases [8.314 J/(mol K)]; and T is the temperature in K.

For practical reasons, it is helpful to rewrite the model in terms of the normalized
variable called hydration degree, defined as the relation between the mass of the skele-
ton at time t normalized by the mass of the skeleton when hydration is complete, i.e.,
ξ(t) = m(t)/m∞

.
ξ =

∼
A(ξ) exp

(
− Ea

RT

)
(11)

where
.
ξ is the time derivative of ξ, and the function

∼
A(ξ) is the normalized affinity which

completely characterizes the macroscopic hydration kinetics for a given concrete mixture.
Then, the problem of heat transfer during concrete hydration is obtained from Equation (1),

substituting the internally generated heat per unit of volume and time G by the term L
.
ξ,

where L represents the latent heat of hydration of the material:

∂
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[
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∂T
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]
+

∂

∂y

[
ky

∂T
∂y

]
+

∂

∂z

[
kz

∂T
∂z

]
+ L

.
ξ = ρ c

∂T
∂t

(12)

The simultaneous solution of the two last equation represents the thermochemical
coupling, which is a nonlinear problem in T and ξ.

Among the different empirical relationships used to represent the normalized affinity
∼
A(ξ), the empirical relationship reported by Cervera et al. [32] was adopted in this work:

∼
A(ξ) =

kξ

ηξo

(
Aξo

kξ ξ∞
+ ξ

)
(ξ∞ − ξ) exp

(
−−η ξ

ξ∞

)
(13)

where ξ∞ is the asymptotic degree of hydration, and kξ , Aξo, ηξo and
−
η are material properties.

6.2.3. Thermal Properties

The thermal properties of the concrete were determined using the method reported
by the U.S. Bureau of Reclamation in [33]. This method is based on the mix proportions
and petrographic composition of aggregates. It assumes that each material composing the
concrete contributes to the conductivity and specific heat in proportion to the amount of the
material present in the concrete. Taking into account that the average composition of the
concrete used in the dam, expressed in part by weight, was 1:1.66:6.66 (cement:sand:granite)
with a water/cement ratio of 0.52 [20], and assuming a reference temperature of 20 ◦C, we
found that k = 2.65 W/(m ◦C) and c = 866 J/(kg ◦C).

Table 1 lists the concrete and rock mass foundation parameters that were employed in
the thermal analysis.
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Table 1. Thermal material properties.

Properties Rock Mass Foundation Concrete

Density ρ [kg/m3] 2657 2460
Specific heat c [J/(kg ◦C)] 715 866

Thermal conductivity k [W/(m ◦C)]] 4.91 2.65

The computation of the S-shape function representing the heat of hydration of the
concrete was based on the data given in [15], which refers to three samples of cement tested
at the ages of 3, 7 and 28 days. Additionally, the heat at the ages of 90 and 365 days was
estimated applying a percentage of increase based on the 28 days’ value given in [20],
resulting in the following:

Q = A exp
(

B
t

)
(14)

where Q is the heat of hydration in [kJ/m3], t is the time in [h], A = kJ/m3 and B = −65 h,
as shown in Figure 9.
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After applying the approach presented in [34] and assuming ξ∞ = 0.75 and Ea/R = 4000 K,
the parameters of Equation (13) result in the following: kξ/ηξo = 34.17 s−1; Aξo/kξ = 1.34× 10−2;

and
−
η = 6.26.

6.2.4. Boundary Conditions

Convection/radiation heat transfer and solar radiation flux absorption boundary
conditions were used for the dam’s air-exposed boundaries. Fixed reservoir water tem-
perature boundary conditions were used for the dam’s submerged boundaries. Convec-
tion/radiation heat transfer boundary conditions were used for the air-exposed boundaries.
Furthermore, adiabatic boundary conditions at the lateral faces and a fixed temperature
boundary condition of 12 ◦C at the bottom were applied to the artificial boundaries of the
rock mass foundation.

The average monthly temperature recorded at the dam site during the construction,
initial impoundment and first period of operation, along with a daily variation extrapolated
from more recent readings, were used to estimate the daily air temperature variation. The
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solar irradiance was represented by an exponential function derived from the graphics
presented in [20] for the different Portuguese regions:

Ib
cos Z

= Ioexp(−0.968 + 0.760cos Z) (15)

where Ib is the beam component of the solar radiation, Z is the solar zenith angle and Io is
the solar constant (1367 W/m2).

The total heat transfer coefficient ht was set to a constant value of 24 W/(m2 K) for
the whole model, with the exception of the formwork-insulated surfaces. Due to the lack
of information about the formwork characteristics, an empirical value of 0.10 times the
total heat transfer coefficient of the concrete was adopted, yielding ht= 2.4 W/(m2 K). The
concrete absorption coefficient was assumed as 0.5.

As mentioned before, the reservoir water temperature was introduced as a prescribed
temperature. For the initial period, from the start of the impoundment to 31 December
1956, a constant value over the completed depth of 11 ◦C was adopted. After 31 December
1956, the approximation given by Bofang [35] was adopted as follows:

Twater(y, d)= Twater
m (y)−Twater

a (y) cos
{

2π

365
[d− do(y)]

}
[◦C] (16)

with
Twater

m (y) = 11 + 5 exp(−0.16y) [◦C] (17)

Twater
a (y) = −6exp(−0.067y) [◦C] (18)

do(y) = 4450[1− exp(−0.00038y)]+24.6 [days] (19)

where y is the depth of the water; d is the fractional day of the year; and Twater
m , Twater

a
and do are the annual mean temperature, the amplitude of annual variation and the phase
difference of water temperature at depth y, respectively.

More details about how to apply dam boundary conditions can be seen in [36].

6.2.5. Concrete Placement Schedule

Due to the lack of sufficient data on the concrete placement schedule, it was determined
using the data available in the original LNEC technical reports by trial-and-error processes.
In particular, the quarterly construction progress (Figure 10a), the volume of concrete
pouring per month (Figure 10b) and the installation date for embedded monitoring devices
were used.

The concrete placement of the dam was performed with a lift thickness of 2 m and an
interval of placement of 3 days. However, the lift thickness and the intervals of placement
adopted in the simulation have to be adapted to the 5 m height of the finite element used
to represent the dam, resulting in one-week interval of placement. Therefore, the “birth”
of a new element in height occurred, at least, one week after the “birth” of the underlying
element. Figure 10c shows the final one-week interval placement schedule adopted for the
simulation.

6.2.6. Analysis and Results

The in-house code PATQ [34], which uses a fully implicit backward Euler finite dif-
ference scheme for the time discretization and a finite element scheme for the spatial
discretization, was used to perform the transient thermal analysis. Due to the dependence
of the hydration rate on temperature, it uses a two-level iterative procedure. At the struc-
tural level, the iteration is caused by the nonlinear dependence of the “thermal body force”
on the temperature. At the local level (that is, at each integration point), the iteration is a

220



Eng 2023, 4

result of the nonlinear dependence of the degree of hydration (internal variable) on the
temperature (free variable).
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adopted for the simulation. 
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Figure 10. Concrete placement schedule: (a) quarterly construction progress; (b) comparison of
the actual and simulated volume of concrete pouring per month; (c) concrete placement schedule
adopted for the simulation.

The birth and death approach was used to update the finite element model at each
step of construction. The analysis was carried out using an incremental time stepping of
1 h.

To evaluate the performance of the model, the simulation was performed over an
extended period from the beginning of the construction, in October 1954, to December
1958. In this way, the simulation encompasses the construction phase, the first filling of the
reservoir and the two first times the reservoir was emptied.

A comparison of the predicted and measured temperatures was performed to validate
the model. Figure 11 compares the temperatures measured by thermometers T12, T14, T17,
T20 and T22 located at an elevation of 150 m in monolith I–J to those obtained with the
numerical model at the same position.
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Figure 11. Monthly average air temperature, reservoir levels and comparison of predicted and mon-
itored temperatures at thermometers in monoliths I–J at an elevation of 150 m. 
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Figure 11. Monthly average air temperature, reservoir levels and comparison of predicted and
monitored temperatures at thermometers in monoliths I–J at an elevation of 150 m.
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It is important to note that monitoring data measured before 1970 were stored in the
form of hand-drawn lines charts. Therefore, WebPlotDigitalizer [37] was used in order to
extract the corresponding numerical data for the analysis.

Overall, between the numerically calculated temperatures and the monitored data, a
very good agreement was observed. Consequently, we had confidence that the thermal
model could accurately describe the temperature loads.

6.3. Mechanical Analysis

Lombardi’s paper, which was presented at the Dam Fracture Workshop in Locarno in
September 1990, pointed out that a dam:

. . . is not a simple, ideal, elastic body. Vertical contraction joints subdivide the
dam in blocks. Even after grouting they will represent a discontinuity in as much
as they cannot be grouted to the dam faces but only to the water-stops. Addi-
tionally, the grouting is seldom carried out in a completely satisfactory manner.
Furthermore, the concrete is placed in layers and lifts making weakness planes
possible at frequent elevations, and inhomogeneities and anisotropies – which
can hardly be detected – are likely to exist in the concrete mass (Lombardi [38],
p. 4).

Therefore, as the above quotation suggests, a model considering elastic, isotropic, and
homogeneous materials which are free from discontinuities is not a true representation
of the concrete of the dam or the rock mass foundation. Nevertheless, it will be always
necessary to adopt some degree of simplification. For one, it is impossible to know and
more so to represent all the inhomogeneities, anisotropies and discontinuities present in
the dam and its foundation. Moreover, an idealized simple model can better explain and
characterize the dominant features of the physical phenomena studied.

Therefore, in order to characterize the actual behavior of the dam, two different finite
element models were adopted. The two models were selected in order to demarcate the
bandwidth within which the behavior of the dam is expected. The first one is a linear
continuous model, which is the standard model used in a dam analysis. In the second
model, the nonlinear model, the contraction joints and the dam–foundation interface are
represented explicitly by no-tension interface elements.

6.3.1. Mechanical Properties

In order to take into account the creep effect, the double power law [39] was adopted
for the concrete as follows:

J
(
t− t′

)
=

1
Eo

+
ϕ1

Eo

(
t′−m

+ α
)(

t− t′
)n (20)

where J(t− t′) is the compliance function (or the creep function), i.e., the strain at age t
caused by a unit of uniaxial constant stress acting since age t′; Eo is the asymptotic modulus;
and n, m, α and ϕ1 are the material parameters.

Actually, as the finite element code uses the library MATPAR given by Bažant in [40],
the input data for expression (20) are expressed in terms of the following five parameters:
E28, Eo/E28, n, m and α. By calibrating the model with the recently recorded displacements,
Eo = 40.5 GPa was obtained. Based on this value and using the standard relationship
Eo/E28 = 1.5, E28 was fixed in 27 GPa. The remaining three parameters n, m and α were
estimated using the empirical formulas given in [39] for w/c = 0.52 and f ′c = 27.5 MPa.

The rock mass foundation was considered as a linear elastic material. According to
the rock field tests carried out by LNEC, the rock mass foundation was divided in three
different zones, reflecting that near-surface rock is more weathered and fractured, as shown
in Figure 8.

Zero-thickness interface elements were used to represent the contraction joints and
the dam–foundation interface. In this formulation, the contact constraint is enforced by the
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penalty method, where the normal stiffness kn and the tangential stiffnesses ks and kt play
the role of penalty coefficients. This means that they have to be set as high as possible to
guarantee that no penetration takes place while the joints are closed, but not so high to avoid
ill-posed problems. Hence, the normal and tangential stiffness have no physical meaning,
eliminating the need for extra experimental investigations. Moreover, the assumptions of
no-tension and no-sliding conditions to characterize the normal and tangential behavior,
respectively, also help us avoid the need for additional material parameters.

The material parameters utilized in the mechanical analysis are listed in Table 2.

Table 2. Mechanical material properties.

Material Properties Values

Concrete

Double power law
Eo [GPa] 40.50

n 0.12
m 0.34
α 0.048
ϕ1 1.78

Poisson’s ratio ν 0.20
Coefficient of thermal expansion α

[1/◦C] 10−5

Rock mass foundation
Young′s modulus E [GPa] 15.00, 5.00 or 1.80

Poisson′s ratio ν 0.20
Coefficient of thermal expansion α

[1/◦C] 0.00

Joints
ks = kt [GPa/m] 2000.00

kn [GPa/m] 2000.00
ft 0.00

6.3.2. Loads

The analysis was carried out considering the dead load, normal water load and internal
strains caused by temperature changes.

The dead load corresponds to the weight of the concrete, and it was applied staggered
at the “birth” of each element. As the contraction joints are open during the construction
phase, the corresponding interface elements were considered inactive at this stage in order
to simulate the cantilever behavior of the monoliths during construction.

The normal water load corresponds to the hydrostatic pressures acting on the dam’s
upstream face resulting from the reservoir. For the computation of the normal water
load, the pressure is considered to vary linearly with depth and to act normally on the
dam surface.

The thermal load was computed from the temperature variation obtained in the
chemo-thermal analysis.

The uplift load at the dam–foundation interface was ignored because the dam is
very thin.

6.3.3. Analysis and Results

The phases of the construction, the initial impoundment and the first period of opera-
tion were solved incrementally through time. The in-house code PAVK [28] was used for
this analysis.

During the construction phase, the time intervals were constrained by the concrete
placement and formwork striking dates. After that, until 30 April 1956, a smaller time
interval of 1 or 2 days was used in order to follow the effect of the reservoir rise on the
upstream face of the dam. Finally, the analysis was completed with a two-week interval,
except when a geodetic survey was carried out.
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Figure 12 compares the radial displacements obtained with the numerical model with
the corresponding values measured by geodetic survey triangulation. This figure shows,
from top to bottom, in the first graph, the monthly average temperature and the rising
reservoir water level; and in the following three graphs, the comparison of the radial
displacements at elevations of 170 m, 150 m and 130 m in block I–J. The negative direction
indicates that the dam moved downstream.
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monitored radial displacements in monoliths I–J at elevations of 170 m, 150 m and 130 m.

As can be observed, the nonlinear model shows a better agreement with the monitored
radial displacements than the linear one. The comparison of the models shows that during
impoundment and emptying periods, the nonlinear model reflects larger displacements
than the linear one. This apparent greater flexibility of the nonlinear model is due to the
opening/closing of the contraction joints and the dam–foundation interface in response to
the stress changes.

In contrast, when the reservoir is full, leading to the closing of the contraction joints,
both models show almost similar displacement fluctuations. This fact corroborates that the
greater flexibility in the response of the dam for periods of low reservoir levels is due to the
movements of the discontinuities and not to a lower concrete modulus of elasticity.

The importance of considering the discontinuities in the model is also confirmed by
Figure 13, which shows the vertical stresses estimated and measured near the upstream
heel and the downstream toe of monoliths I–J.

The measured stresses were recorded by stress meters located at 1 m from the faces
of the dam. It is worth noting that the stress meter is a device that allows the direct
measurement of compressive stress. In contrast with strain meters, the stress meter is
fully responsive to compressive stress and very closely indicates the true stress at all times
without any further analysis, i.e., no elasticity modulus needs to be adopted, and without
regard to deformation due to causes other than stress [41].
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Figure 13. Monthly average air temperature, reservoir levels and comparison of predicted and
monitored vertical stresses in monoliths I–J at elevations of 118 m.

Analyzing Figure 13 (stress meter CT3m), it can be observed that when the reservoir
reaches approximately the level of 160 m, the two models no longer stay together. This is
because tensile stresses appear in the upstream heel of the dam, inducing the opening of
the corresponding dam–foundation interface element. This behavior is fully validated by
the stresses measured in stress meter CT3m.

The opening of the interface element also modifies the stresses at the downstream toe
of the dam, as shown by Figure 13 (stress meter CT1j). This is due to the redistribution
of the stresses, which causes the decrease in the cantilever stresses at the expense of an
increase of the arch stresses. This fact is validated by the stress meter CT1j.

7. Validation of the Diagnosis Hypothesis

According to the previous analysis, the nonlinear model is the most representative
model of the behavior of the dam. Therefore, this model was used to study the cracking of
the upstream face of the dam.

Figures 14 and 15 show the principal stress plots obtained during the initial impound-
ment over the upstream face of the dam. The surface stresses were computed in the center
of each external face by extrapolating the stresses obtained in the integration points.

The length and direction of the arrows show the relative magnitude and direction of
compression (blue) and tension (red).

The initial impoundment started on 3 September 1955 with an empty reservoir. The
rise in the reservoir level took place at a very high rate, reaching a level of 160 m on
26 September 1955.
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                                                     3 September 1955 
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TENSION                               0                                      5                           10               MPa     

137.00 m 

149.00 m 

Figure 14. Distribution of principal stresses over the upstream surface for the empty reservoir with a
water level of 137 m and 149 m.

As the water rose, the surface in contact with it cooled rapidly. The surface contraction
due to the cooling was restrained by the hotter interior concrete, which did not contract as
rapidly as the surface, and by the concrete located above the water level. As a result, an
equilibrium deformation was obtained, inducing thermal compressive stresses in the hotter
concrete and tensile stresses in the colder concrete, as can be observed in the principal stress
distributions represented in the figures.

Up to the water level of 149 m, the self-weight counterbalanced the vertical (cantilever)
stresses generated by the temperature variation. However, when the water level reached a
level of 153 m, the thermal vertical stresses started to be predominant, with a maximum
expression at a water level of 155 m. The nine days between the water levels of 155 m and
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160 m were enough time to cool the emerged concrete and lower the vertical tensile stresses.
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Figure 15. Distribution of principal stresses over the upstream surface for water levels of 153 m,
155 m and 160 m.

8. Prediction of Future Behavior

In order to corroborate that the presence of cracks has no influence on the static
behavior of the dam, a comparison of the radial displacements measured by geodetic
triangulation and those obtained with the finite element model are represented in Figure 16
for the period of 2001–2016.

228



Eng 2023, 4

Eng 2023, 4 1286 
 

 

As the water rose, the surface in contact with it cooled rapidly. The surface contrac-
tion due to the cooling was restrained by the hotter interior concrete, which did not con-
tract as rapidly as the surface, and by the concrete located above the water level. As a 
result, an equilibrium deformation was obtained, inducing thermal compressive stresses 
in the hotter concrete and tensile stresses in the colder concrete, as can be observed in the 
principal stress distributions represented in the figures. 

Up to the water level of 149 m, the self-weight counterbalanced the vertical (cantile-
ver) stresses generated by the temperature variation. However, when the water level 
reached a level of 153 m, the thermal vertical stresses started to be predominant, with a 
maximum expression at a water level of 155 m. The nine days between the water levels of 
155 m and 160 m were enough time to cool the emerged concrete and lower the vertical 
tensile stresses. 

8. Prediction of Future Behavior 
In order to corroborate that the presence of cracks has no influence on the static be-

havior of the dam, a comparison of the radial displacements measured by geodetic trian-
gulation and those obtained with the finite element model are represented in Figure 16 for 
the period of 2001–2016. 

 

Figure 16. Monthly average air temperature, reservoir levels and monitored radial displacement 
between 2002 and 2016. 

-30
-20
-10

0
10

2 
Ja

nu
ar

y 
20

02

2 
Ja

nu
ar

y 
20

03

2 
Ja

nu
ar

y 
20

04

1 
Ja

nu
ar

y 
20

05

2 
Ja

nu
ar

y 
20

06

2 
Ja

nu
ar

y 
20

07

2 
Ja

nu
ar

y 
20

08

1 
Ja

nu
ar

y 
20

09

2 
Ja

nu
ar

y 
20

10

2 
Ja

nu
ar

y 
20

11

2 
Ja

nu
ar

y 
20

12

1 
Ja

nu
ar

y 
20

13

2 
Ja

nu
ar

y 
20

14

2 
Ja

nu
ar

y 
20

15

2 
Ja

nu
ar

y 
20

16

1 
Ja

nu
ar

y 
20

17

Nonlinear numerical results

Monitored values (owner surveys)

Monitored values (LNEC surveys)

120
130
140
150
160
170
180

0
5

10
15
20
25
30

[m
]

[°
C

]

Monthly average air temperature [ºC]
Water level [m]

-30
-20
-10

0
10

-30
-20
-10

0
10

Ra
di

al
 d

is
pl

ac
em

en
t [

m
m

]

IJ 170

GH 170

KL 170

[°C]

Figure 16. Monthly average air temperature, reservoir levels and monitored radial displacement
between 2002 and 2016.

As for its potential seismic performance, an explanation can be found in the U.S. Army
Corps of Engineering Manual EM 1110-2-6053, illustrated in Figure 17:
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Figure 17. Response of arch dams to major earthquakes (adapted from [42]). 
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age observed in the dam was attributed to the thermal cracking of weak construction joints 
during the initial impoundment. This hypothesis was validated through a chemo-thermo-
mechanical finite element model. 

For the thermal analysis of its construction, initial impoundment and first period of 
operation, a chemo-thermal model based on the chemical affinity concept was used. 

Sequentially, a nonlinear viscoelastic analysis was performed in order to obtain the 
structural response of the dam. In this analysis, the contraction joints and the dam–foun-
dation interface were modelled using zero-thickness interface elements under no-tension 
and no-sliding conditions, which avoided the need to determine new material parameters. 

The conclusion of the analysis was that tensile vertical stresses developed on the up-
stream face of the dam during the initial impoundment together with weak construction 
joints caused the appearance of cracks in the upstream face of the dam. Over time, water 
penetration expanded these cracks, reaching the downstream face. 
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In arch dams, potentially opened contraction joints and cracked lift lines may
subdivide the monolithic arch structure into partially free cantilever blocks, ca-
pable of transmitting only compressive or frictional forces. In this situation, any
failure mode of the arch structure would more likely involve sliding stability
of the partially free cantilevers. For small and moderate joint openings, the
partially free cantilever blocks, bounded by opened joints, may remain stable
through interlocking (wedging) with adjacent blocks. The extent of interlocking
depends on the depth and type of shear keys and the amount of joint opening
(EM 1110-2-6053 [42], p. 2–9).

9. Discussion and Conclusions

This paper presented the study, characterization and numerical simulation of the
diagnosis procedure of the pathology affecting an old, thin dam. The cause of the main
damage observed in the dam was attributed to the thermal cracking of weak construction
joints during the initial impoundment. This hypothesis was validated through a chemo-
thermo-mechanical finite element model.

For the thermal analysis of its construction, initial impoundment and first period of
operation, a chemo-thermal model based on the chemical affinity concept was used.

Sequentially, a nonlinear viscoelastic analysis was performed in order to obtain the
structural response of the dam. In this analysis, the contraction joints and the dam–
foundation interface were modelled using zero-thickness interface elements under no-
tension and no-sliding conditions, which avoided the need to determine new material
parameters.

The conclusion of the analysis was that tensile vertical stresses developed on the
upstream face of the dam during the initial impoundment together with weak construction
joints caused the appearance of cracks in the upstream face of the dam. Over time, water
penetration expanded these cracks, reaching the downstream face.
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