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ABSTRACT

Floods are natural disasters that can result in significant social, economic, and environmental
impacts. Timely and accurate flood detection is crucial for effective disaster management
and mitigation. This paper addresses the importance of water segmentation in flood detection
and water engineering applications, emphasizing the need for precise delineation of water
areas in flood-hit regions. Accurate water segmentation not only aids in assessing the extent
of flooding but also plays a vital role in predicting and preventing potential flood events.
This study explores the application of advanced deep learning models, namely SegNet,
UNet, and FCN32 for automated flood area segmentation. Leveraging a dataset comprising
290 images depicting flood-affected areas, the models are trained to accurately delineate
water regions within the images. The experiment results demonstrate the efficacy of these
models in effectively segmenting floodwaters. Among the tested models, SegNet emerges
as the top performer, achieving an impressive precision rate of 88%. This superior
performance underscores the potential of deep learning techniques in enhancing flood
detection and response capabilities, paving the way for more efficient and reliable flood
prediction systems.
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1. Introduction

Floods, which occur when water overflows onto
normally dry land, have various causes such as excessive
rainwater in saturated ground, overflowing water bodies,
rapid snow or ice melting, storm surges, and tsunamis.
Climate change exacerbates these events, leading to more
intense precipitation and temperature variations. Poor
water management practices, including dam discharges
and neglected bank maintenance, can also contribute to
flooding. Most floods result from extreme rainfall,

* Corresponding author. Tel.: +1-713-542-2970; e-mail: Bbahrami@lamar.edu.

allowing for some predictability. However, flash floods,
developing rapidly within hours, are highly unpredictable
and dangerous. Climate change's influence on extreme
weather events, such as hurricanes and sea-level rise, poses
an increasing threat. Floods cause significant damage
globally, exceeding $40 billion annually, with thousands of
fatalities. Novel approaches using Atrtificial Intelligence
algorithms for automated image and video analysis from
various sources, including surveillance cameras, drones,
and social media, are crucial for effective flood monitoring
and early warnings [1-4].
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Floods, devastating natural disasters affecting societies
globally, have intensified due to climate change,
urbanization, and deforestation. Detecting floods early is
crucial for minimizing their impact, prompting a shift from
traditional methods to advanced technologies like deep
learning models. Accurate delineation of water bodies
through water segmentation, classifying pixels in images,
is essential for precise flood detection. Leveraging deep
learning models, particularly for water segmentation, aims
to surpass the limitations of traditional techniques in terms
of accuracy, speed, and scalability. The growing severity
of floods underscores the need for innovative tools to
reduce their impact, emphasizing the importance of
automated image and video analysis using Artificial
Intelligence  algorithms  for  comprehensive  flood
monitoring and early detection [4-7].

Existing flood detection methods, relying on remote
sensing technologies and machine learning algorithms,
have shown promise but are hindered by challenges such
as false positives, limited scalability, and the inability to
capture subtle changes in water dynamics. The introduction
of advanced deep learning models offers a potential
breakthrough, leveraging the power of neural networks to
discern intricate patterns and variations in satellite
imagery. Recently, a discernible pattern has arisen, marked
by the increasing adoption of deep learning for image
analysis. These applications extend across diverse
domains, encompassing image analysis such as
recognition, classification, and segmentation. Deep neural
networks, functioning as comprehensive end-to-end
learning models, showcase their ability to autonomously
extract intricate features from any high dimensional
images. Particularly noteworthy is the application of deep
learning algorithms in water detection and segmentation.
The adoption of advanced deep learning models is
motivated by their capacity to learn hierarchical features
and representations from complex data. Convolutional
Neural Networks (CNNs), Recurrent Neural Networks
(RNNS), and their variants have demonstrated success in
image classification and segmentation tasks, making them
well-suited for the nuanced demands of flood detection
through precise water segmentation.

The main goal of this study is to propel the capabilities
of flood detection by employing cutting-edge deep learning
models in conjunction with precise water segmentation.
Through this approach, we seek to surmount the constraints
inherent in existing methods, offering a more precise and
timely methodology for the identification and monitoring
of flood events. Within this manuscript, we embark on an
extensive exploration of water segmentation, leveraging
the formidable capabilities of contemporary deep learning
models. Our toolkit encompasses well-established models
such as SegNet [8], UNet [9], and FCN32 [10], each
distinguished by intricate architectures and a profound

understanding of visual patterns. These models contribute
a wealth of expertise to the domain of water segmentation.
We applied this methodology to a publicly available water
segmentation dataset, conducting a comprehensive
comparative analysis of state-of-the-art deep learning
models across 290 images.

Section 2 provides an overview of related studies and
previous implementations of deep-learning models in the
realm of water segmentation. Moving on to Section 3, we
detail our methodology, including information about the
dataset and an introduction to three deep-learning models.
Finally, in Section 4, we present the experimental results
and conduct a statistical analysis of the performance of
these deep learning models.

2. Related works

In recent times, there has been a surge in the application
of machine learning and deep learning models for tasks
within computer vision, notably in object detection and
segmentation [11-12]. The prominence of these models in
the field of image processing, specifically for flood label
detection, has grown considerably. The literature, however,
remains relatively sparse on this particular subject.

Yang et al. [13] took on the task of water level
monitoring by employing a visual recognition method. A
river camera was utilized to measure flood depth resulting
from rising water levels. The incorporation of techniques
such as the Laplacian method [14] and probabilistic Hough
transform [15] allowed for the detection of edges in various
objects and the computation of the waterline's straightness.
In a separate study, [16] conducted remote calculations of
flood levels by measuring the length of a ruler in footage,
employing Convolutional Neural Networks (CNNSs). Their
findings demonstrated the superior performance of CNNs
over traditional image processing algorithms, showcasing
a standard deviation of 6.69 mm.

In the work [17], CNNs were applied to sift through
flooding photos on social media platforms, facilitating
label detection. More recently, [18] undertook the
estimation of flood depth by identifying submerged
vehicles in flooded photos, utilizing the Mask R—CNN
framework [19]. The calculated flood depth was then
compared with 3D rendered objects using feature maps
extracted by Visual Geometry Group Nets [20]. This
proposed methodology demonstrated impressive accuracy,
with absolute error values reaching as low as 6.49 cm in
flood depth calculation. In [21], the authors delved into the
study of flood depth using image processing and deep
learning, employing traffic stop signs as ubiquitous
measurement benchmarks in flood photos. Their approach
estimated flood depth in crowdsourced photos with a mean
absolute error of 12 inches. Collectively, these studies
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contribute to the evolving landscape of flood label
detection, showcasing the versatility of approaches ranging
from visual recognition and traditional image processing to
the application of advanced deep learning models. In [4],
the WSOC dataset was introduced. This dataset, an
augmentation of existing publicly available datasets,
includes diverse water-related labels (e.g., river, sea,
waves).

Various state-of-the-art Deep Learning models for
semantic segmentation were explored in this study,
combining different backbones commonly used for image
labeling with semantic segmentation models. Additionally,

3. Methods
3.1. Dataset

The flood area segmentation dataset provides a
comprehensive collection of 290 images capturing regions

a new Python package named "FloodImageClassifier" was
developed [22]. This package is designed for the
classification and detection of objects within collected
flood images. "FloodimageClassifier" incorporates various
CNN architectures, including YOLOv3, Fast R—-CNN
(Region-based CNN), Mask R—CNN, SSD MobileNet
(Single Shot MultiBox Detector), and EfficientDet,
enabling simultaneous object detection and segmentation.
The package also includes concepts such as Canny Edge
Detection and aspect ratio for floodwater level estimation.

|
Fig. 1. Some examples with mask image [24]

affected by flooding, each paired with self-annotated mask
images that precisely outline the areas submerged in water
[23]. These masks were meticulously generated using
Label Studio, a versatile and open-source data labeling
software known for its accuracy and efficiency in
annotation tasks.

The primary objective of this dataset is to facilitate the
development and training of robust segmentation models.

2024-vol6(1)-p 1-8
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These models aim to precisely delineate the water-affected
regions within photographs depicting areas impacted by
floods. The annotations within the dataset serve as a
valuable resource for enhancing the accuracy and efficacy
of segmentation algorithms, enabling the creation of
model’s adept at recognizing and isolating flood-induced
water regions in a given image.

3.2. Deep learning models

In our quest for achieving the accurate and efficient
segmentation of floodwater, we harnessed the remarkable
capabilities of three distinguished deep learning models.
Each of these models boasts unique strengths and intricate
architectural features, making them pivotal contributors to
the landscape of image analysis and segmentation. The trio
of SegNet, UNet, and FCN32 stand out as foundational
pillars in this domain, having demonstrated their prowess
in handling complex segmentation tasks with precision and
effectiveness. These models serve as integral components
in our research, offering a diverse set of tools to explore
and optimize the segmentation of floodwater, contributing
to advancements in the broader field of computer vision
and image analysis.

SegNet, a pioneering deep learning architecture
designed for semantic image segmentation, boasts a
sophisticated structure that has significantly influenced the
landscape of computer vision tasks.

Developed by the Visual Geometry Group at the
University of Oxford, SegNet's architecture is meticulously
crafted to balance computational efficiency with high-
performance segmentation capabilities. At its core, SegNet
follows an encoder-decoder framework, where the encoder
progressively reduces spatial dimensions while capturing
essential features from input images. This is achieved
through a series of convolutional and pooling layers, with
the pooling indices being stored during the encoding
process. The critical innovation of SegNet lies in its
decoder, which employs upsampling techniques based on
the stored pooling indices. This enables precise
reconstruction of segmented output, recovering intricate
details crucial for accurate segmentation. The encoder-
decoder structure is further enriched by incorporating skip
connections, allowing the network to capture both local
and global context information. SegNet's architecture is
characterized by its lightweight design, making it
computationally efficient and suitable for real-time
applications. Delving into the details, the encoder module
typically consists of convolutional layers with batch
normalization and rectified linear unit (ReLU) activation
functions, facilitating feature extraction. Pooling layers,
specifically max-pooling, are strategically placed to reduce
spatial dimensions while retaining essential information.
The decoder module employs upsampling layers, guided

by the stored indices, to reconstruct the segmented output.
Skip connections, established between corresponding
layers in the encoder and decoder, enhance the network's
ability to capture hierarchical features. SegNet's
adaptability and effectiveness extend beyond its
architecture, making it particularly well-suited for a diverse
range of applications.

Its implementation in tasks such as autonomous
vehicles, medical image analysis, and, in our specific
context, floodwater segmentation, underscores its
versatility and the impact of its nuanced design on the
advancement of semantic segmentation techniques. UNet,
a groundbreaking convolutional neural network (CNN)
architecture, has emerged as a cornerstone in the realm of
biomedical image segmentation, showcasing exceptional
performance in various computer vision tasks. Introduced
by Ronneberger et al. in 2015, UNet was specifically
designed to address challenges related to object
localization and semantic segmentation. The architecture
of UNet follows a U-shaped design, featuring a contracting
path, a bottleneck, and an expansive path. The contracting
path, consisting of multiple convolutional and max-pooling
layers, captures hierarchical features while gradually
reducing spatial dimensions. The bottleneck, at the center
of the U, serves as a bridge between the contracting and
expansive  paths, preserving critical  contextual
information. The expansive path, characterized by up-
convolutional layers, facilitates precise localization and
segmentation by gradually restoring spatial dimensions.
Notably, skip connections are incorporated, linking
corresponding layers in the contracting and expansive
paths. This innovation allows UNet to recover fine-grained
details, enhancing its capacity to delineate complex
structures in images. UNet's architecture is celebrated for
its ability to handle limited annotated data efficiently,
making it a favored choice in medical imaging
applications, where labeled datasets are often scarce. The
adaptability and effectiveness of UNet in diverse
segmentation tasks underscore its impact on advancing the
field of computer vision.

FCN32, or Fully Convolutional Network with a stride
of 32 pixels, represents a pivotal advancement in semantic
segmentation by eliminating the need for fully connected
layers, enabling efficient end-to-end pixel-wise
predictions. Introduced by Shelhamer et al., FCN32 is
renowned for its ability to process input images of arbitrary
sizes and produce dense pixel-level predictions. The
architecture is characterized by a sequence of
convolutional layers with large receptive fields, efficiently
capturing global context information. Importantly, FCN32
incorporates skip connections, linking convolutional layers
with corresponding layers in the decoding path to enhance
the localization precision of the model. The decoding
process involves up-sampling layers, allowing the network

2024-vol6(1)-p 1-8
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Fig. 2. Top: The Architecture of SegNet. Down: UNet

to produce pixel-wise predictions while preserving
spatial information. This approach enables FCN32 to
effectively handle varying input sizes and maintain
detailed segmentation results. The absence of fully
connected layers contributes to computational efficiency
and faster inference times, making FCN32 a preferred
choice in applications where real-time processing is
crucial, such as in our pursuit of floodwater segmentation.
The adaptability and accuracy of FCN32 underscore its
significance in advancing the field of semantic
segmentation and image understanding.

4. Experiments
4.1. Parameter setting

The development of the deep learning model, as detailed
in this investigation, was conducted using Keras. All
experiments were carried out on a 8-core PC with an i7-
6700 processor running at 3.4GHz, 128GB of RAM, and
an NVIDIA GeForce RTX 3090. Our approach involved
setting the margin at 0.2, implementing random sampling,
and executing 1000 training epochs. We employed a
publicly accessible dataset consisting of jpeg images for
water segmentation. Our preprocessing steps included
normalization and standardization of the dimensions for all
images. In the course of this study, we allocated 75% of

ﬁ Pooling operation

— Skip-Connection

these images for training and validation, reserving the
remaining 25% for the testing dataset.

4.2. Metrics

Performance metrics play a crucial role in evaluating the
effectiveness of segmentation models. Precision,
Sensitivity, also known as True Positive Rate or Recall,
and the Dice Coefficient are three crucial metrics in the
evaluation of segmentation models. The precision metric
provides insights into the model's ability to make accurate
positive predictions, minimizing the occurrence of false
positives. Sensitivity is formulated as the ratio of true
positive predictions to the total number of actual positive
instances. It gauges the ability of a segmentation model to
accurately capture all relevant regions within the ground
truth, emphasizing the minimization of false negatives. On
the other hand, the Dice Coefficient measures the similarity
between the predicted and true segmentations by
evaluating the overlap between the two. A higher Dice
Coefficient indicates better agreement between the
predicted and actual segmentations, emphasizing a
balanced consideration of false positives and false
negatives. Sensitivity and Dice Coefficient, together, offer
a comprehensive understanding of a segmentation model's
performance by highlighting its ability to capture relevant
regions while maintaining a precise delineation of the
segmented areas. These metrics are particularly valuable in
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medical imaging and other fields where the accurate
identification of specific regions is crucial.

Dice = —2XTP (1)
ZXTTF"P+ FP + FN )
Recall = W) (
Precision = TP+ FP ©)
4.3. Results

Tables 1 and 2 provide a comprehensive examination of
our analysis, systematically evaluating the performance of
different models in water segmentation across a diverse
range of metrics. In Table 1, we showcase the results
obtained by employing deep learning models with VGG19
[20] as the backbone on the flood area segmentation
dataset. On the other hand, Table 2 delves into a detailed
exploration of the efficacy of our models utilizing
ResNet50 [24]. The VGG-19 is characterized by a
configuration comprising 19 layers, including 16
convolutional layers and three fully connected layers.
These layers employ 3x3 filters with a stride and padding
size of 1 pixel. The choice of compact kernel sizes serves
to limit the number of parameters while ensuring
comprehensive image coverage. In the VGG-19 model, a
2x2 max pooling operation with a stride of 2 is performed.
This model achieved second place in classification and first
place in positioning at the 2014 ILSVRC competition,
boasting a total of 138 million parameters. ResNet50,
belonging to the ResNet (Residual Network) family, stands
out as a potent deep-learning model known for its
architectural depth and structural innovation. Consisting of
a total of 50 layers, the model's architecture introduces
groundbreaking residual blocks that redefine the landscape
of deep neural networks. These blocks incorporate skip
connections, allowing the model to train with exceptional
depth while mitigating the vanishing gradient problem.
This profound structural innovation empowers ResNet50
to adeptly capture intricate image features, even in the
presence of complex and noisy data. Essentially, the
architecture's depth accommodates increasingly complex
visual data, facilitating the extraction of fine-grained image
details.

With 60.8 million parameters, this network excels at
recognizing nuanced image variations, making it
invaluable for tasks such as medical image detection and
classification. The model's distinctive structural resilience
and depth position it as a top choice for addressing intricate
challenges in image analysis and classification.

Table 1 presents a segmentation comparison of various
models with VGG19 as the backbone. The performance
metrics, including Dice coefficient, sensitivity, and

precision, showcase the effectiveness of each model in
accurately delineating water regions in the flood area
segmentation dataset. FCN32 demonstrates a Dice
coefficient of 0.671+0.0027, sensitivity of 0.652+0.0038,
and precision of 0.74+0.028. U-Net exhibits a higher Dice
coefficient of 0.75+0.0027, sensitivity of 0.71+0.0019, and
precision of 0.821+0.0010. SegNet outperforms both with
a Dice coefficient of 0.810+0.0026, sensitivity of
0.77+0.0070, and precision of 0.85+0.054. These results
provide a detailed insight into the segmentation capabilities
of each model, aiding in the evaluation and selection of the
most suitable approach for water segmentation tasks. Table
2 presents a segmentation comparison of various models,
employing ResNet50 as the backbone. The table showcases
key performance metrics, including Dice coefficient,
sensitivity, and precision, offering insights into the models'
efficacy in accurately segmenting water regions within the
flood area dataset. FCN32 demonstrates a Dice coefficient
of 0.690+0.0025, sensitivity of 0.68+0.0024, and precision
of 0.77£0.033. U-Net exhibits superior performance with a
Dice coefficient of 0.79+0.0038, sensitivity of
0.73+0.0027, and precision of 0.850+0.0034. SegNet
continues to excel with a Dice coefficient of 0.84+0.0042,
sensitivity of 0.80+0.0062, and precision of 0.88+0.039.
These comprehensive metrics aid in the evaluation and
comparison of the models, guiding the selection of the most
suitable approach for effective water segmentation tasks
using ResNet50 as the underlying architecture.

4.4. Statistical analysis

To assess potential statistically significant differences in
segmentation performance metrics (Precision, Recall, and
Dice) among the models, we can employ statistical
techniques like Analysis of Variance (ANOVA), designed
for simultaneous comparison of multiple groups. ANOVA
allows exploration into whether meaningful disparities
exist within the means of different models. The p-values
derived from ANOVA serve as indicators to ascertain if
significant variations exist among the models for each
metric. If the p-values fall below a predetermined
significance threshold (e.g., 0.05), it leads to the conclusion
that indeed significant differences exist among the models.

The outcomes of the analysis of variance (ANOVA)
reveal noteworthy p-values, indicating substantial
differences among the models across all three metrics:
Precision, Recall, and Dice. Specifically, the p-value for
Precision is 3.9e-03, signifying a significant divergence in
accuracy among the models. Similarly, the Recall metric
yields a p-value of 4.4e-03, reaffirming a significant
difference in precision across the models. Additionally, the
Dice metric exhibits a small p-value of 5.4e-04,
emphasizing a notable variance in recall among the
models. In summary, the statistical analysis underscores
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Fig. 3. Segmentation results of FCN, U-Net, and SegNet

Table 1
Segmentation comparison of the different models: VGG19 as backbone

Model Dice Sensitivity Precision
FCN32 0.671+0.0027 0.652:+0.0038 0.74+0.028
U-Net 0.75+0.0027 0.71+0.0019 0.821+0.0010
SegNet 0.810+0.0026 0.77+0.0070 0.85+0.054
Table 2
Segmentation comparison of the different models: ResNet50 as backbone
Model Dice Sensitivity Precision
FCN32 0.690+0.0025 0.68+0.0024 0.77+0.033
U-Net 0.79+0.0038 0.73+0.0027 0.850+0.0034
SegNet 0.84+0.0042 0.80+0.0062 0.88+0.039
Model Dice Sensitivity Precision
FCN32 0.671+0.0027 0.652+0.0038 0.74+0.028
U-Net 0.75+0.0027 0.71+0.0019 0.821+0.0010
SegNet 0.810+0.0026 0.77+0.0070 0.85+0.054
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ABSTRACT ARTICLE INFO
Due to the important role that bridges play in rescue operations after an earthquake, it is Received: January 12, 2024
necessary that these structures have a higher level of protection against seismic attacks. Accepted: March 23, 2024

Earthquake identifies the weak points of the structure and causes the most damage there.
Bridges are very vulnerable to these attacks due to their low degree of uncertainty. All
bridges built before 1971 were designed with the elastic design method (permissible stress).
In this method, the effects of plasticity, section cracking, and plastic deformation are not

taken into account. The change of seismic locations based on the principles of elastic design E;)IIDWOFdS.

is much less. It is because the structure experiences in a real earthquake, one of the Glass fibers
consequences of which is the falling of the decks due to the loss of the support surface. The Bridge decks
decision to strengthen the bridge was made when there were many bending and shear cracks Pultrusion

on the king beams. The bridge was created. The use of FRP profiles can significantly prevent Materials tests
the damage caused by corrosion and is a good alternative to the traditional methods of Optimization

strengthening the structure. In this study, a design for the deck of a steel bridge with | beams
is presented. The shape of reinforcement using FRP fibers with vinyl ester resins has also
been investigated, the effect of the geometry of FRP profiles has been investigated. The
presented specifications are optimized to obtain a lasting shape and section, especially for
the pultrusion process. FRP materials are light, resistant to corrosion and have high tensile
strength. These materials come in different forms and range from multi-layer factory sheets
to dry sheets that can be twisted on various structural forms before adding resin, is available.
The durability and high tensile strength of FRP materials are among the advantages of these
materials. The durability and long-term performance of FRP requires more research, which
is ongoing and continues.
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1. Introduction efficiency and performance. However, new materials in
turn provide opportunities to develop new structural forms,

Society has searched continuously for new and better and present material scientists and engineers with new
materials for building structures. New materials usually challenges. One of the best manifestations of the
come to the stage due to the necessity to improve structural abovementioned inter-related process is associated with
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Fiber Reinforced Polymer (FRP) composite materials in
bridge applications to which this research is devoted.

In the past few years, FRP composite bridge deck
systems have been experimentally implemented in bridge
structures. Worldwide, there are many finished or currently
underway FRP deck projects. However, an examination of
the published resources shows that proper characterization
methods and generally accepted design and analysis
procedures of FRP bridge decks have not yet been
established. While technical difficulties limit the
development of affordable fabrication methods to produce
low-cost, large-scale FRP bridge decks, the lack of
comprehensive analysis and design codes and guidelines
for FRP bridge decks is one of the key reasons that FRP
decks have so far been applied only in demonstration
projects.

To develop analysis and design guidelines and
overcome any potential reluctance to use FRP decks, every
potential aspect of deck behavior over its service life
should be examined experimentally and analytically. There
exist at least two principal characteristics that are of
primary importance in FRP bridge deck applications,
namely stiffness and strength. The stiffness of an FRP deck
is the ability of the deck to resist changes in shape when a
load is applied. In FRP deck design, a deflection limit is
usually used to consider the deck’s stiffness. Deck strength
is the deck’s ability to resist permanent deflection from
applied loads (static, dynamic and environmental loads
etc.). The development of analysis and design guidelines is
primarily based on the comprehension of the stiffness
deflection and strength capacity characteristics of FRP
deck systems. Other issues on the use of FRP decks, such
as dynamic response, durability, efficiency and structural
optimization etc., are also related to the understanding FRP

deck stiffness and strength.
/ |
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Fig.1 The structure of an engineering bridge [1]

To develop effective FRP deck systems, research
pertaining to design and analysis of FRP decks should be
fully considered. Analyzing an FRP bridge deck system
requires full knowledge of the geometric properties and the

material properties. The geometric properties are obtained
in the design stage of the deck system. The material and
mechanical properties of FRP decks are usually obtained
though experimental characterization of the mechanical
properties at the coupon, component, and full deck scale
levels. In the following section, the development of FRP
deck geometric configuration and deck characterization
techniques will be reviewed. Also, available analytical
models for structural analysis of FRP decks will be
presented.

2. Fundamentals of FRP Composite Bridge Decks

A number of terms that are commonly used to describe
the upper structure of a bridge are shown in Figure 1.
Bridge components more than the bearings are referred to
as the superstructure, while the substructure includes all the
parts underneath. The main body of the bridge consists of
the superstructure, which includes the deck and girders or
girders. In this structure, FRP bridge deck is defined as an
element made of FRP that transfers shear loads to supports
and longitudinal beams.

At present, two major types of FRP deck are currently
used in engineering works; Sandwich structure and
pultruded structure. Sandwich structures consist of strong,
high-stiffness top sheets that can withstand bending loads
and have very low density. The core of shear strength is
placed between the top sheet and the bottom sheet, which
determine the performance of the deck composite. The top
sheets are usually made of matte E-glass or a top of
polyester or vinyl ester. Core materials include rigid foam
or FRP materials in the form of thin-walled cells shown in
Figure 2. Cellular materials are the most important
materials for structural weight-sensitive applications.
Figure 3 shows the sections of the FRP bridge deck.

Pultrusion is an industrial process used to produce
continuous parts with a constant cross-section. This
process is low cost and with high production volume. This
process is similar to the process of metal extrusion, with
the difference that instead of pushing the material in the
mold, which happens in extrusion, the material is pulled
out of the mold, so that the name of this process in English,
pultrusion, is also a combination of two words pull (to
means pulling) and extrusion. Pultrusion is one of the
methods designed to make composites with high
mechanical properties that are competitive with traditional
and engineering materials. The parts produced by this
method have a high volume fraction of fibers; These fibers
are mostly placed in the longitudinal direction of the piece.
Although with the right weave of fibers, it is possible to
have fibers in the transverse direction, but mainly the main
properties are in the longitudinal direction. The products
obtained from this process have high strength, low weight
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and long life, especially in acidic environments. Paltrogen
can be used to make any continuous part, provided that it
has a constant cross-section and does not have grooves or
holes in the direction perpendicular to the tension, such as
cans, corners, pipes, rods and similar shapes. The
pultrusion process is shown in Figure 4.

)

I

Fig. 2. Examples of types of bridge structures with FRP decks [2].
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Fig. 3. Types of FRP bridge deck sections [2].
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Fig.4. pultrusion process [1]

Table 1 shows the technical comparison between
pultruded FRP decks and sandwich sections. As you can
see, the sections prepared by the sandwich method are
more flexible than the pultruded sections and can create
different structures of depth and hardness in the deck. The
weight per unit area is usually close to 98 kg/m2, with the
exception of the shutter system (Hand/automated lay-up in
Table 1), which reduced weight seems to have a higher
efficiency in the use of materials. As indicated by the

normalized twist, there is currently no consensus on the
amount of deck twist and deflection by manufacturers. Due
to the technical difficulties of producing larger parts, some
pultruded companies have designed designs that use
smaller parts of pultruded modules, such as prismatic or
box beams and rectangular plates that are connected to
form a large deck.

Table. 1. Available features of FRP decking [1]

Deck systems Depth | 'Weight | Cost | *Deflection | “Deflection
{dvailabie in the 1.8, (i} fkgf'ﬂr:) (5’ Reported | Normajized

Sanubwich Construction
Hardeore Composites {VARTM} [ 152710 | 98-102 | 570-1184 L85 Lo

KSCT (Handamtomated lay-up) | 127610 7 m L/ 306 Li1300
Adhesively Bonded Pultrusions

[huraSpan 194 ] TH0-507 L4530 L340
Superdeck 203 147 07 Lia3n Li330
EZSpan 229 08 F1-1076 Lvin L3i0
Strongwell 120-203 112 0 LADS L1325

TWithout weanng surfiee Assumes e aclian. * onmalized to HS20+IM far 2.4 mt cermer-to-cemier spanm,

Fig. 5. Lab testing configuration [1]

3. Experiment-Based Modeling

Zhou's laboratory model (2002) [1] has been used in the
verification for modeling in Abaqus software. In this
research, the stiffness and strength of bridge decks built
with FRP sections have been investigated. The considered
sections are multi-cell sections of FRP bridge decks, which
include FRP pultruded sections. In this research, two types
of loading have been used to analyze FRP sections. A
loading according to the ASSHTO bridge code, which is
placed on the bridge as a metal piece, and a loading in the
form of truck tires, which applies the actual truck load on
the bridge. For validation, loading is considered as a truck
load (Figure 5).

The model used in this research is used as the primary
model and the basis of modeling in the continuation of the
current research work. The section of the FRP profile used
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is box section. The cross-section of the laboratory is shown
in (figure 6).

The test load was applied to each block by means of a
hydraulic cylinder mounted on a load frame, by means of
designed loaded pieces. To investigate the local failure of
the deck under real truck tire loading, real truck contact
patches made of silicone rubber were used. First, a real
22.86 cm (9 inch) truck tire was cut into four pieces. Then
the two pieces are filled with silicone rubber gel. After
about 24 hours of cooling at room temperature, the rubber
pieces filled with tires were ready for testing.

The normal stress distribution of a truck tire and the
normal stress distribution of a steel patch are shown in
(Figure 7).

However, the normal stress distribution obtained from
pressure sensor films indicate that failure tests using steel
loading patches are not reliable, since there is no contact at
all on most of the deck surface and dominated by contact
at the edges. The normal stress distribution of the real truck
tire is non-uniform as shown in (Figure 8).

Fig. 6. Box cross section profile [1]

Real truck tire
Steel patch

Fig. 7. Normal Stress of a real truck tire and steel Patch [1]

Fig. 8. Normal Stress Distributions of a truck tire and a steel plate
using pressure film sensor [1]

Fig. 9. Normal Stress Distributions of a truck tire [1]

To validate the numerical and laboratory model, loading
is used as follows. In this loading, truck tires are loaded in
the west and east center of the deck (Figure 9).

The load-displacement diagram is drawn at the points
under the load and compared with the laboratory results.
(Figure 10).

4. Research method and modeling process in software

The designed cross-section is shown in (Figure 11) [1].
This deck has a length of 4.65 meters and a width of 1.52
meters, which consists of ten box beams (or rectangular
tubes) of orthotropic paltrode with dimensions of 15.24 x
15.24 x 0.95 meters. A sheet with a thickness of 0.635
meters at the bottom and a sheet with a thickness of 1.27
meters at the top and 9 steel bolts are placed transversely
in the deck. The weight of the deck is about 726 kg with a
density of 910.3 kg/m3. To date, no approved
specifications and regulations have been proposed for
bridges with FRP decks. However, the design and loading
ranges in the AASHTO Standard Specification for
Highways [AASHTO, 1996] and the AASHTO LRFD
Specification, [AASHTO, 1998] for laboratory test models
have been used by many FRP deck researchers [1].
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Fig. 11. Cross section of the deck and transverse bars [1]

According to AASHTO [5] Highway Code, when
designing the upper members of a bridge, specified loads
are used at critical locations to produce the maximum load
effect. The load that produces the greatest stress is known
as the design load. Bridge designers can extend the design
wheel load over a limited level of the deck by calculating
the load effects in a reinforced concrete block. This area is

defined as the "tire contact area" and the equation used to
calculate it is given in the specification.

The parameters investigated in this research include the
change of span length and the change of FRP cross-section
and the type of loading (traffic and earthquake). The basic
model is the study model of Zhou (2002) [1], which has a
box section. It is (Figure 12). The second profile examined
in this research, the trapezoidal profile was chosen as the
second section for examination (Figure 13).

To check and consider the span length of the bridge
deck, once the length of the deck has been checked with
three I-shaped supports and another time with four I-
shaped supports (Figure 14).

To investigate the performance of FRP deck under
different loadings, two types of loading have been
considered. Traffic loading according to the AASHTO
regulations for trucks and the vertical loading component
of the Naghan earthquake, which has been applied to the
foundations of the bridge.

Abaqus software provides the possibility of separately
modeling the components of a model and then assembling
and assembling the components to form the model.

Fig. 13.Trapezoidal cross section [3]

Fig. 14. Deck openings used in research
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Behavioral characteristics and materials used in FRP
deck modeling are according to the table below. Box and
trapezoid sections are considered as below (Table 2).

5. Analysis method and loading steps

To perform the analysis, one of three static methods,
explicit dynamic and indirect dynamic methods can be
used. In dynamic methods in solving the equations, the
effect of inertia is also considered and it may spread to
immortal waves in the system, for this reason, if these
analytical methods are used, it must be ensured that the
loading time is considered long enough that the effects
dynamic in the system is negligible. Absorbing boundary
conditions can also be used to dampen the waves
propagated in the system under dynamic movements. On
the other hand, because these methods solve dynamic
equations in the system, generally the program execution
time to reach the results is much longer than static methods.

Table. 2. Material specification in FRP deck modeling

Property Value
£, psi) 2.5x10°
E,(psi) 0.8x10°
E..( psi) 0.8x10° ‘
G, Cpsi) 0.425%10° ‘
G, ( psi) 0.42510°
G . ( psi) 0.364 % 10°
v, 033
v q 033
713 0.10

In the places where two separate elements collide during
the nonlinear analysis, the characteristics related to the
collision should be defined on two surfaces. Otherwise, the
collision is not considered in the solution and in the term
two elements collide. To define the feature related to the
collision, the collision feature must be defined in the
software according to the nature of the collision of the
elements. In normal collisions, the collision surface has a
tangential and frictional behavior. The use of contact
behavior in modeling gives the ability to simulate collision
and separation of two surfaces in tension.

The loaded areas of the deck are shown in (Figure 15).
Loading mode 2-5 is used to simulate truck axle load.
Loading modes 1-4 and 3-6 are used to simulate load axis
with the expectation of generating more stresses in the
northwest and northeast and southwest and southeast

regions for modes 1-4 and 3-6. Mode 2 and Mode 5 will be
the loading locations for the failure tests.

The principles of live load loading have been carried out
according to the regulations of AAshto [5]. In this research,
a 90-ton truck load has been loaded on the bridge. The
considered loading mode is the most critical loading mode
on the bridge according to the study. According to the
width of 10 meters of the crossing and compliance with the
distances mentioned in the regulations, the number of
crossing lanes for this truck is considered to be 3.

Another mode of loading considered for the current
research is earthquake loading, which is chosen as cyclic
loading for the current research. Earthquake in the form of
acceleration-time entered vertically at the bridge supports.
Also, the supports at the place of connection to the bases
are considered as holders.

Top surface I ‘_ ;::jlng
Tramsverse
(Traffic)

|

Fig. 15. Deck loaded areas [1]

6. Modeling with Abaqus finite element software

The current research has been carried out with the aim
of investigating bridges with FRP decks. The investigated
parameters include the type of FRP section, the length of
the bridge spans, the type of loading (traffic and
earthquake). In Table 3, the investigated models are
named.

As can be seen in the table above, the number of models
under review is 8 models. To check the performance of the
FRP bridge deck under the conditions investigated in this
research, the maximum vertical load and displacement
diagrams of the deck and the von Mises stress contours of
the models have been examined and the results of the
models have been compared with each other to obtain the
appropriate cross-section and span.

Figure 16 shows the stress versus time diagram for
model A-1. This diagram is drawn for the maximum stress
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive stress is
130 and the tensile stress is 600 MPa.

Figure 17 shows the strain versus time diagram for
model A-1. This graph is plotted for the maximum strain
developed in FRP sections during loading time. As can be
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seen in the diagram, the maximum compressive strain is
5.37 and the tensile strain is 0.58 mm.

In figure 18, the contour of von Mises stress created in
the I-shaped supports of model A-1 is drawn. As can be
seen in the figure, the highest von Mises stress created is
equal to 231 MPa and the lowest von Mises stress is equal
to 0.66 MPa.

Table. 3. Introducing the investigated model

Load type The number FRP section MODEL
of openings
Traffic 3 BOX A-1
Traffic 4 BOX A-2
Earthquake 3 BOX A-3
Earthquake 4 BOX A-4
Traffic 3 Trapezius B-1
Traffic 4 Trapezius B-2
Earthquake 3 Trapezius B-3
Earthquake 4 Trapezius B-4
A-1
700
600 - y=61825%- 52.54
RE=0.9823 4
500
o~ 400 -
&
2 300
2 200 -
o
“ 100
0 e
12
-100

200 -

Fig. 16.Stress diagram of model A-1
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RE=059611
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R?=09508
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Fig. 17.Strain diagram of model A-1
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Fig. 18. VVon Mises stress contour of model A-1 supports
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(Avg: 759)
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Fig. 19. Von Mises stress contour of FRP sections model A-1
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Fig. 20.Stress diagram of model A-2

Figure 19 shows the von Mises stress contour created in
the FRP sections of the A-1 deck. As seen in the figure, the
highest von Mises stress created in FRP sections is equal
to 1399 MPa and the lowest von Mises stress is equal to
6.63 MPa.

Figure 20 shows the stress versus time diagram for
model A-2. This diagram is drawn for the maximum stress
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive stress is
1.05 and the tensile stress is 1.4 MPa.
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Fig. 21.Strain diagram of model A-2

Fig. 22. Von Mises stress contour of model A-2 supports
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Fig. 23. Von Mises stress contour of FRP sections model A-2

Figure 21 shows the strain versus time diagram for
model A-2. This diagram is drawn for the maximum strain
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive strain is
0.003 and the tensile strain is 0.006 mm.

In figure 22, the contour of von Mises stress created in
the I-shaped supports of model A-2 is drawn. As can be
seen in the figure, by reducing the length of the opening
and increasing the supports, there is no significant stress
due to the traffic load in the supports.

Stress (Mpa)
o
=
=3

L
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-
s
S

¥ =-037.55% - 22,171

R*=0.99(4
-§00
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Fig. 24.Stress diagram of model A-3
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Fig. 25.Strain diagram of model A-3
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Fig. 26. Von Mises stress contour of model A-3 supports

Figure 23 shows the von Mises stress contour created in
the FRP sections of the A-2 deck. As seen in the figure, the
highest von Mises stress created in FRP sections is equal
to 4.1 MPa and the lowest von Mises stress is equal to
0.013 MPa.

Figure 24 shows the stress versus time diagram for
model A-3. This diagram is drawn for the maximum stress
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive stress is
equal to 646 and the tensile stress is equal to 343 MPa.
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Fig. 27. Von Mises stress contour of FRP sections model A-3
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Fig. 29.Strain diagram of model A-4

Figure 25shows the strain versus time diagram for
model A-3. This diagram is drawn for the maximum strain
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive strain is
0.21 and the tensile strain is 4.09 mm.

In Figure 26, the contour of the von Mises stress created
in the I supports of the A-3 model is drawn. As can be seen
in the figure, the highest von Mises stress created is equal
to 226 MPa and the lowest von Mises stress is equal to 2.06
MPa.
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(Avg: 75%)
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Fig. 30. Von Mises stress contour of model A-4 supports
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Fig. 31. Von Mises stress contour of FRP sections model A-4
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Fig. 32.Stress diagram of model B-1

Figure 27 shows the von Mises stress contour created in

the FRP sections of the A-3 deck. As seen in the figure, the
highest von Mises stress created in FRP sections is equal
to 2571 MPa and the lowest von Mises stress is equal to
6.32 MPa.
Figure 28 shows the graph of stress versus time for model
A-4. This diagram is drawn for the maximum stress
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive stress is
1.18 and the tensile stress is 0.98 MPa.
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Fig. 33.Strain diagram of model B-1
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Fig. 34. Von Mises stress contour of model B-1 supports
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Fig. 35. Von Mises stress contour of FRP sections model B-1

Figure 29 shows the strain versus time diagram for
model A-4. This diagram is drawn for the maximum strain
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive strain is
0.0018 and the tensile strain is 0.0022 mm.

In Figure 30, the contour of the von Mises stress created
in the I supports of the A-4 model is drawn. As seen in the
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. 37.Strain diagram of model B-2
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Fig.38. Von Mises stress contour of model B-2 supports

figure, the highest von Mises stress created is equal to 86
MPa and the lowest von Mises stress is equal to 1.48 MPa.

Figure 31 shows the von Mises stress contour created in
the FRP sections of the A-4 deck. As seen in the figure, the
highest von Mises stress created in FRP sections is equal
to 7 MPa and the lowest von Mises stress is equal to 0.05
MPa.
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Fig.39. Von Mises stress contour of FRP sections model B-2
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Fig. 41.Strain diagram of model B-3

Figure 32 shows the stress versus time diagram for
model B-1. This diagram is drawn for the maximum stress
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive stress is
equal to 0.0014 and the tensile stress is equal to 0.0017
MPa.

Figure 33 shows the strain versus time diagram for
model B-1. This diagram is drawn for the maximum strain
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Fig.42. Von Mises stress contour of model B-3 supports
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Fig. 44.Stress diagram of model B-4

developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive strain is
equal to 0.0026 and the tensile strain is equal to 0.003 mm.

Figure 34 shows the contour of the von Mises stress
created in the I-shaped supports of model B-1. As seen in
the figure, the highest von Mises stress created is equal to
2.45 k Pa and the lowest von Mises stress is equal to 0.66
Pascal.
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Figure 35 shows the contour of the von Mises stress created
in the FRP sections of the model B-1 deck. As can be seen
in the figure, the highest von Mises stress created in FRP
sections is equal to 3 kilopascals and the lowest von Mises
stress is equal to 2.6 Pa.

Figure 36 shows the stress versus time diagram for

model B-2. This diagram is drawn for the maximum stress
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive stress is
equal to 1.5 and the tensile stress is equal to 1.51 MPa.
Figure 37 shows the strain versus time diagram for model
B-2. This diagram is drawn for the maximum strain
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive strain is
0.043 and the tensile strain is 0.054 mm.
In Figure 38, the contour of the von Mises stress created in
the 1-shaped supports of the B-2 model is drawn. As it can
be seen in the figure, by reducing the length of the opening
and increasing the supports, there is no significant stress
due to the traffic load in the supports.
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Fig. 45.Strain diagram of model B-4
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Fig.47. Von Mises stress contour of FRP sections model B-4

Figure 39 shows the von Mises stress contour created in
the FRP sections of the model B-2 deck. As can be seen in
the figure, the highest von Mises stress created in FRP
sections is equal to 4.2 MPa and the lowest von Mises
stress is equal to 0.014 MPa.

Figure 40 shows the graph of stress versus time for
model B-3. This diagram is drawn for the maximum stress
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive stress is 42
MPa and the tensile stress is 182 MPa.

Figure 41 shows the strain versus time diagram for
model B-3. This diagram is drawn for the maximum strain
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive strain is
0.207 and the tensile strain is 3.2 mm.

In Figure 42, the contour of the von Mises stress created
in the I-shaped supports of the B-3 model is drawn. As seen
in the figure, the highest von Mises stress created is equal
to 144 MPa and the lowest von Mises stress is equal to 0.43
MPa.

Figure 43 shows the von Mises stress contour created in
the FRP sections of the B-3 deck. As seen in the figure, the
highest von Mises stress created in FRP sections is equal
to 176 MPa and the lowest von Mises stress is equal to 1.51
MPa.

Figure 44 shows the stress versus time diagram for
model B-4. This diagram is drawn for the maximum stress
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive stress is
equal to 36 and the tensile stress is equal to 118.25 MPa.

Figure 45 shows the strain versus time diagram for
model B-4. This diagram is drawn for the maximum strain
developed in FRP sections during loading time. As can be
seen in the diagram, the maximum compressive strain is 19
and the tensile strain is 23.9 mm.

In Figure 46, the contour of the von Mises stress created
in the I-shaped supports of the B-4 model is drawn. As seen
in the figure, the highest von Mises stress created is equal
to 191.6 MPa and the lowest von Mises stress is equal to
1.25 MPa.

Figure 47 shows the von Mises stress contour created in
the FRP sections of the B-4 deck. As can be seen in the
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figure, the highest von Mises stress created in FRP sections
is equal to 131.3 MPa and the lowest von Mises stress is
equal to 1 MPa.

7. Conclusion

As can be seen in models 2 and 4 where the length of
the deck spans is reduced, the amount of stress created in
the FRP sections of the deck is greatly reduced. Also, in
models 2 and 4, where the length of the deck openings has
been reduced, the amount of strain created in the FRP
sections of the deck has been greatly reduced. Therefore, it
can be concluded that by reducing the length of the deck
span in bridges with FRP box sections, the amount of stress
and strain of the deck is reduced.

The compared stresses in trapezoidal FRP sections
under traffic and earthquake loading show that in models 3
and 4, where the loading is in the form of an earthquake,
the amount of stress created in the FRP sections of the deck
has increased greatly. As in models 3 and 4, where the
loading is in the form of an earthquake, the amount of strain
created in the FRP sections of the deck has increased
greatly. Therefore, it can be concluded that in bridges with
trapezoidal FRP sections, the amount of deck stress and
strain depends on the type of loading rather than the length
of the span and the type of loading. By comparing the stress
of trapezoidal and boxy FRP sections under traffic loading,
it can be seen that in the model with boxy section and
longer opening length, the amount of stress created in the
FRP sections of the deck is higher than the rest of the
models. Also, the strain of trapezoidal and boxy FRP
sections under traffic loading has been compared. As can
be seen, in the model with a boxy cross-section and longer
opening length, the amount of strain created in the FRP
sections of the deck is higher than the rest of the models.
Therefore, it can be concluded that the stress and strain
created in box sections is more than trapezoidal sections.

Comparing the stress of trapezoidal and boxy FRP
sections under earthquake loading shows that in the boxy
model with 3 openings, the amount of stress created in the
FRP sections of the deck is much less than the rest of the
models. Also, comparing the strain of trapezoidal and boxy
FRP sections under earthquake loading, as can be seen in
the boxy model with 3 openings, the amount of strain
created in the FRP sections of the deck is much less than
the rest of the models.
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ABSTRACT

In this study, geopolymer concrete made from fly ash was utilized, with different proportions
of cement (0%, 10%, and 20%) replacing fly ash to examine the influence of cement
presence in geopolymer concrete. To increase tensile strength and impact resistance, 0.5 and
1 percent steel fibers were used. Adding 0.5 percent fibers improved compressive strength
by 9 percent, and for 1 percent fibers, it was 26 percent. The tensile strength also significantly
increased with the addition of fibers. Adding 0.5% fibers, on average, increased the tensile
strength by 25%, with the increase being 34% for 1% fibers. It was also noted that
substituting cement for fly ash had little effect on compressive strength, but replacing 10%
cement could be considered as the optimal substitution level in terms of tensile strength in
the samples.

The test results for impact resistance indicated a significant effect of steel fibers on the
number of impacts until the first crack appeared and the complete rupture of the samples.
Adding fibers increased the resistance to complete rupture by 12 to 22 percent with 0.5
percent fibers, and between 49 to 64 percent for 1 percent fibers. Replacing 10 percent rubber
crumbs improved the impact energy of concrete, increasing the energy until the first crack
by 10 percent on average and the energy until complete rupture by 15 percent.
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1. Introduction

The concrete industry is facing various challenges due
to the increasing use of Portland cement, primarily because
of limited cement resources. On one side, reducing
production and carbon dioxide emissions, on the other

* Corresponding author. Tel.: +989113314970; e-mail: Rmadandoust@quilan.ac.ir.

hand the increasing construction activities and high
demand for cement have led researchers to seek suitable
alternatives for cement in concrete. Researchers have
introduced fly ash, metakaolin, iron slag and other
pozzolans as suitable substitutes for cement [1-3].
Substituting these pozzolans for cement not only
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effectively reduces environmental pollution but also
enhances the mechanical properties of concrete and
decreases the widespread need for cement [4]. Using
rubber crumbs as a partial substitute for aggregates in
geopolymer concrete can reduce the environmental effects
caused by the accumulation of waste rubber tires. However
adding rubber crumbs to concrete reduces its resistance
properties due to the lower hardness of rubber crumbs
compared to natural aggregates and their weak bonding
with cement paste [5]. This can be compensated for by
adding steel fibers which not only offset a considerable
portion but also overall enhance the geopolymer concrete's
resistance [6]. Therefore, in this study geopolymer
concrete based on fly ash has been used. Additionally the
effects of adding rubber crumbs and steel fibers as well as
cement as a partial substitute for fly ash on the mechanical
properties of concrete have been evaluated.

1.1. Case studies on the mechanical properties of
geopolymer concrete based on fly ash and the impact of
steel fibers, rubber crumbs, and cement in it

In recent years, there has been a significant amount of
research focused on geopolymer concrete, aiming to
enhance its quality, strength, and longevity through the
addition of various materials like different types of fibers
and other additives below are some of these studies:

In 2018, Guo conducted a study on the mechanical
properties of geopolymer concrete reinforced with steel
fibers [7]. The results of this research indicate that adding
steel fibers up to 0.4% increases the compressive strength
of geopolymer concrete. However further additions of steel
fibers decrease the compressive strength. Moreover, the
flexural strength of concrete decreases with the addition of
0.1% fibers but then increases by 20% with the addition of
up to 0.5% fibers.

In another study, Islam investigated the effect of adding
0.5% steel fibers to fly ash-based geopolymer concrete on
its mechanical properties [8]. The results suggest that
adding fibers leads to a slight increase in compressive
strength and a significant increase in tensile strength.
However, the increase in tensile and impact resistance due
to the addition of fibers is much greater. For example the
increase in compressive strength is 33-35% higher than the
increase in tensile strength. Additionally it was observed
that adding 0.5% fibers had no significant effect on the
elastic modulus of geopolymer concrete.

Vijai [6] examined geopolymer concrete composed of
90% fly ash and 10% cement. The impact of adding 0.25%,
0.5%, and 1% steel fibers on the concrete strength was
measured. The results indicate that adding fibers increases
the compressive, tensile and flexural strength by 73%,
128%, and 17%, respectively.

In a study conducted by Park in 2016 [5] it was
determined that adding rubber powder up to 20%
significantly reduces the compressive strength of fly ash-
based geopolymer concrete. Researchers suggested an
optimal use of rubber powder to minimize the reduction in
concrete strength, typically between 10% to 15%.

Hongen [9, 10] investigated the addition of cement to
fly ash-based geopolymer concrete and its impact on
compressive strength. Adding cement enables the concrete
to perform well at ambient temperatures due to cement
hydration. Hydration leads to increased compressive and
tensile strength as well as providing energy for
polymerization. In this research, adding 5% cement
resulted in increased compressive strength. Many studies
have reported a reduction in compressive strength when
rubber powder is added to geopolymer concrete attributed
to poor adhesion between rubber crumbs and other
materials and the low inherent strength of rubber crumbs.
Reductions in strength of up to 33% have been reported.

1.2. Objectives and Necessity of the Project

Geopolymer is a novel material in the construction
industry with desirable performance and efficiency. It is
made using natural pozzolans and industrial waste
containing aluminum silicate making it environmentally
friendly. It can serve as a substitute material to reduce
pollution caused by the production of Portland cement used
in concrete. On the other hand the mechanical properties
and durability of this concrete have prompted further
research into the factors influencing these two
characteristics. Given the importance of sustainable
development and recycling of waste rubber, using rubber
crumbs in concrete can reduce environmental impacts
resulting from the accumulation of waste rubber. However,
adding rubber crumbs to concrete reduces its resistance
properties due to the lower hardness of rubber crumbs and
their weak bonding with other concrete components.
Therefore steel fibers have been used to increase the
concrete's resistance and compensate for the decrease in
resistance due to rubber crumbs. Past research has shown
that adding rubber crumbs reduces the concrete's resistance
but reinforcing the concrete with steel fibers not only
prevents the reduction but also increases its resistance. The
combined effect of steel fibers and rubber crumbs in
normal concrete has been investigated in many studies, and
the current study aims to examine the parameters affecting
fly ash-based geopolymer concrete containing rubber
crumbs and steel fibers. Some studies have considered fly
ash-based geopolymer concrete to have a similar structure
to normal concrete[16, 17] but the addition of steel fibers
and rubber crumbs due to their different bonding with fly
ash compared to cement, can have different effects.
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Tablel
Concrete mixture proportion.
(Kg/m®)
Number Mix Id Cement Fly ash Crum rubber a;:gorzg;te aggriggeate Steel fiber

1 G100%SF0% 0 408 19.67 1347 491.83 0
2 G100%SF0.5% 0 408 19.20 1347 479.95 39
3 G100%SF1% 0 408 18.72 1347 468.08 78
4 G90%SF0% 40.8 367.2 20.23 1347 505.83 0
5 G90%SF0.5% 40.8 367.2 19.76 1347 493.95 39
6 G90%SF1% 40.8 367.2 19.28 1347 482.08 78
7 G80%SF0% 81.6 326.4 20.79 1347 519.83 0
8 G80%SF0.5% 81.6 326.4 20.32 1347 507.95 39
9 G80%SF1% 81.6 326.4 19.84 1347 496.08 78
10 G100%SF0%CR0% 0 408 0 1347 576.63 0

The necessity of assessing the strength of geopolymer
concrete through different tests is heightened by above
factors. Tests such as compressive and tensile strength and
modulus of elasticity are conducted to determine the
concrete's resistance and ultrasonic wave velocity tests are
used to assess the quality of concrete and the effect of steel
fibers and rubber crumbs in concrete. Additionally, impact
tests are conducted to assess the dynamic impact resistance
and the effect of rubber crumbs and steel fibers and the
substitution of cement instead of fly ash are analyzed and
investigated.

2. Laboratory Experimental Design
2.1. Consumables

Portland Type 11 cement produced by Deilaman Cement
plant with a specific weight of 33.3 kilograms per cubic
meter and a specific surface area of 3200 square
centimeters per gram was used in this study. Fly ash in
powdered form with a density of 2.45 grams per cubic
centimeter was utilized. The fine aggregate used was
washed natural sand with a fineness modulus of 2.95 and a
specific weight of 2.75 grams per cubic centimeter and the
coarse aggregate was crushed stone with a maximum size
of 19 millimeters and a specific weight of 2.65 grams per
cubic centimeter in accordance with ASTM-C33
requirements. Steel fibers with hooked ends 0.5
centimeters in length, a diameter of 0.8 millimeters, and an
aspect ratio of 62.5 and a density of 7.87 grams per cubic
centimeter produced by Daroocham Factory were used.
The rubber crumbs used in this research have a specific
weight of 0.95 grams per cubic centimeter. The curing
process in this research was carried out at 60 degrees
Celsius in accordance with geopolymer concrete standards.

2.2. Mixing Design

For this project, 10 mixing designs were selected. Given
that geopolymer concrete is the material of choice, no
water content was used in their formulation. Design 1 to 9
incorporate 10% by volume of fine rubber crumps, and the
geopolymer concrete samples are grouped into three main
categories.

The first group contains 100% fly ash with varying
volumes of steel fibers (0%, 0.5%, and 1%). The second
group contains 90% fly ash with 10% cement and varying
volumes of steel fibers (0%, 0.5%, and 1%). The third
group contains 80% fly ash and 20% cement with varying
volumes of steel fibers (0%, 0.5%, and 1%).

Mixing design number 10 consists of 100% geopolymer
concrete without fibers and rubber crumbs. To achieve
consistent workability in each mixing design and to
achieve a slump of approximately 20 £ 100 millimeters, a
superplasticizer of 6.2 kilograms per cubic meter and an
alkali solution of 163.2 kilograms per cubic meter were
added to each mixing design. The mixing design for the
samples is provided in "Table 1".

2.3. Conducted Experiments

In this study, the compressive strength test was
conducted based on the BS EN 12390 standard [18], using
cubic specimens with dimensions of 100 millimeters.
Additionally, the splitting tensile strength test was
performed according to ASTM C496 [19] regulations. The
specimens for this test were cylindrical with a diameter of
15 millimeters and a height of 30 centimeters. The
ultrasonic pulse velocity test [20] was carried out following
ASTM C597 standards using a DUNDIT MODEL PC1012
with an accuracy of +0.1 microseconds for a transducer

2024-vol6(1)-p 22-34



Journal of Civil Engineering Researchers 25

frequency of 55 KHz and +2% for time-of-flight
measurement. The parameter measured by the ultrasonic
testing device was the transit time in microseconds, from
which the wave velocity through the samples was
determined considering their dimensions. The concrete
resistance against dynamic (impact) loads was assessed
based on the ACI 544-2R committee report [21] using the
drop weight hammer test. In the current investigation, the
weight-drop testing device with repeated impact loads was
applied to disc specimens with a diameter of 15 centimeters
and a height of 63.5 centimeters. The number of repetitive
impacts (a weight of 4.54 kilograms dropped from a height
of 457 millimeters) on a steel anvil placed at the center of
the sample's surface was recorded to reach a specific level
of cracking (first visible crack and complete spalling).

3. Results and Discussion
3.1. Compressive and Tensile Strength Test Results

In this section, the results of the conducted evaluations
and the influence of parameters on compressive and tensile
strength test results, including the presence of rubber
crumbs, substitution of cement for fly ash, and the impact
of steel fibers, are presented.

As illustrated in "Figure 1," the compressive strength
values increase with the addition of steel fibers. In the
current study, the reason for the increased compressive
strength in specimens containing steel fibers can be
explained as follows: since concrete containing rubber
crumbs has lower and softer resistance compared to
ordinary concrete, the fibers present in the concrete act
before the complete failure of the sample due to cracks
created in the concrete. These fibers enhance the resistance
of the specimen. Under axial loads, cracks occur in the
microstructure of the concrete. The most significant effect
of fibers is preventing crack propagation in geopolymer
concrete. Therefore, the ability of fibers to transfer stress
prevents the development and propagation of microcracks
caused by internal stresses in the concrete.

Considering the shape and quantity of fibers, they bear
some of the stresses occurring within the fly ash matrix and
transfer the rest to the stable portions of the fly ash matrix
[6, 22]. Similarly, Seymouz et al. stated in their research
that, in general, the compressive strength of concrete
mixtures increases with the addition of fibers. This increase
is due to the constraints imposed by the fibers in the
concrete. Under compressive force, concrete tends to
expand due to the Poisson effect, while fibers counteract
this effect, resulting in an increase in compressive strength
[23]. According to Figure 2, the increase in compressive
strength with the addition of 0.5% steel fibers in mixtures
containing 80%, 90%, and 100% fly ash is 9%, 4%, and

2%, respectively, and the increase in compressive strength
with the addition of 1% steel fibers is 21%, 8%, and 26%,
respectively.

Substituting cement as part of the fly ash, as previously
mentioned, can increase hydration and may enhance
compressive strength. According to Figure 2, replacing
10% of cement has either maintained or decreased
compressive strength in the samples, and replacing 20% of
cement instead of fly ash has decreased compressive
strength in all samples. This can be attributed to two related
factors. First, based on previous research [9], the optimal
replacement percentage for substituting cement instead of
fly ash in geopolymer concrete has been stated as 5%, and
higher amounts have led to a decrease in compressive
strength. The second factor is the curing temperature,
which becomes significant with the addition of cement. As
mentioned earlier, geopolymer concrete curing is
conducted at a temperature of 60 degrees Celsius, while
adding cement may alter the curing temperature and the
required time for curing to increase compressive strength.

Adding steel fibers to geopolymer concrete (containing
fly ash and rubber particles) increased the tensile strength.
In Figure 3, it can be observed that with an increase in the
volume percentage of fibers from 0 to 1%, the tensile
strength of the mixtures in the first to third groups
increased from 2.3, 3.92, and 3.26 MPato 3.4, 4.9, and 3.86
MPa, respectively. The ability of fibers to prevent crack
propagation can be considered a factor in this increase. The
mechanism of increasing tensile strength is due to the
presence of fibers, which involve stress transfer through
surface shear between the matrix and fibers or through
interlocking of fibers and matrix (if the fiber surface
undergoes deformation). This stress sharing between the
matrix and fibers continues until the matrix cracks, after
which all stresses are transferred to the fibers. Thomas and
Ramaswamy also attributed the increase in tensile strength
of concrete containing steel fibers to the bridging effect of
fibers in the cement matrix. Substituting 10% of cement
resulted in an increase in tensile strength in all samples, and
then, with further substitution up to 20%, the tensile
strength decreased. In other words, the optimal percentage
of cement substitution considering tensile strength is stated
as 10%.

3.1.1. The relationship between compressive strength and
tensile strength

In Table 2, the relationship between compressive
strength and tensile strength is presented by various
researchers. Relationship number 1 is derived for
conventional concrete, Relationship number 2 represents
the correlation between strengths in low-calcium
geopolymer concrete cured at ambient temperature and
Relationship number 3 is suitable for geopolymer concrete
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Figure 3: The effect of steel fibers and cement substitution instead of fly ash on the tensile strength of the specimens
cured in a furnace at 60 degrees Celsius. Relationship concrete, is very close to the relationship obtained in this
number 4 is derived in this study. As shown in Figure 5 study, with only a 7% difference between them.
Relationship number 1 which is used for conventional Relationship 1 predicts lower tensile strength values.
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Relationship number 2, due to curing at ambient
temperature has a significant difference from the
relationship obtained with an average error percentage of
48% indicating that this standard cannot be used for
geopolymer concrete cured at 60 degrees Celsius.
Relationship number 3 presented here also has good
agreement with the current study with an average error of
8%, and the predicted tensile strengths by this standard are
higher than the obtained results.

Table 2
Predicted Equations between Tensile Strength and Compressive
Strength

Number Eq Equations Reference
1 f: = 0.59/f, ACI363R-92[26]
2 fi = 0.93(£.)°5 Nath [27]
3 f: = 0.69(f,)° Diaz[28]
4 fe = 0.7225(f,)04632 This study
6
851
2, a t
5 3 ad
@ ft = 0.7225fc04632
22
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Compressive strength (Mpa)

Figure 4: Relationship between Compressive Strength and Tensile
Strength in Different specimens
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Figure 5: Relationship between Compressive Strength and Tensile
Strength by the Current Study and Others

3.2. Results of the elastic modulus tests

Overall, it has been reported that geopolymer concretes
processed at high temperatures have lower elastic moduli
compared to normal concrete. According to the study by
Olivia et al. [29], geopolymer concrete based on fly ash
processed by heat with compressive strength of about 55
MPa showed an elastic modulus 14.9 to 28.8% lower than
that of normal concrete at equivalent compressive strength.
Hardjito et al. [30] reported that the elastic modulus of
geopolymer concrete based on fly ash processed by heat is
about 10% lower than that of OPC (ordinary Portland
cement) concrete with similar compressive strength. Yost
et al. [31] found that the elastic modulus of geopolymer
concrete based on fly ash is 11 to 16% lower than the
theoretical values predicted using ACI 318.

Regarding the effect of steel fibers on the modulus of
elasticity of concrete, results are highly contradictory.
Some researchers believe that concrete containing steel
fibers has a higher elastic modulus compared to plain
concrete [32], while others have suggested that there is
very little difference between the elastic moduli of concrete
containing steel fibers and plain concrete, and some have
reported the opposite behavior [33, 34]. For example,
Neves [35] observed that the presence of fibers slightly
reduces the elastic modulus of concrete and explained that
fibers oriented parallel to the loading direction act like
voids, and additionally, the addition of fibers creates extra
voids in the mix. Research on the effect of fibers on the
elastic modulus of geopolymer concrete is very limited,
and in a study conducted by Li Y on the effect of rubber
particles and steel fibers on concrete, the influence of fibers
on the modulus of elasticity of rubber-containing concrete
was insignificant, similar to this investigation, and they
explained that steel fibers act as good bridges between
cracks, distributing and dispersing the load effectively,
thus preventing crack propagation, resulting in increased
compressive strength and modulus of elasticity [36].

In "Figure 6," the elastic modulus of the samples is
plotted. The increase in the elastic modulus due to the
addition of 0.5% fibers in samples containing 80, 90, and
100% fly ash was 6.9%, 6.4%, and 5%, respectively, and
by adding 1% fibers, it was 10%, 15%, and 11% compared
to the fiber-free sample in the same group. The effect of
substituting cement for fly ash has also been such that the
modulus increased with 10% cement replacement and
decreased with further substitution.

3.2.1. Relationship between elastic modulus and
compressive strength

Figure 7 illustrates the variations of elastic modulus
with changes in compressive strength. The elastic modulus
increases with increasing compressive strength. The
prediction of elastic modulus of the samples was made
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based on the compressive strength obtained in the present
study and using the equations provided in Table 3. The
predicted values are presented in Figure 7. Equation
number 1 is for normal concrete, while equations number
2 and 3 are for geopolymer concrete. As evident from
Figure 7 although equation number 1 is provided for
normal concrete, it showed good alignment with the
present research with an average error of 5%. Equation
number 2 specific to geopolymer concrete with fly ash,
exhibited an average error of 10%, and equation number 3
for geopolymer concrete with low-calcium fly ash cured at
room temperature, showed a discrepancy of approximately
16% compared to laboratory results. This emphasizes the
importance of curing temperature, and in this study,
conducted at a curing temperature of 60 degrees Celsius,
the use of codes prescribing curing at room temperature
may not be appropriate.
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Figure 6: Variations in the values of elastic modulus for the specimens

Table 3
Relationship between elastic modulus and compressive strength of
specimens

Number Eq Equations Reference
1 E. = 3320/ + 6900 ACI 363[37]
. — Diaz-Loya et

_ - pl3
2 Ec = 0.037 x p'2 < /I, al.(GO)[41]
'3 Pradip and
E. . =35104/f,
3 da Vie Sarker(GO)[27]
4 E.=3116.9(f,)%5%8! This study

3.3. Results of Ultrasonic Pulse Velocity (UPV) Test:

3.3.1. Results of UPV Test:

The UPV is influenced by various physical and
mechanical properties of the samples. Therefore, multiple
parameters such as operational conditions, concrete
porosity, aggregate type, Interfacial Transition Zone (1TZ)
characteristics, sodium hydroxide concentration, additives

® GPC - Experiment
----ACI 363
— - - — Pradip and Sarker(GC)
35

Proposed Eq.
--------- Diaz-Loya et al.(GC)

Elastic modulus(GPa
N
w

30 35 40 45 50
Compressive strength (MPa)

Figure 7: Comparison of the relationship between elastic modulus and
compressive strength in the current study and other researches, along
with the calculation of prediction error

(like steel fibers, rubber crumbs, etc.), aggregate ratio, size,
geopolymer material type (e.g., fly ash, slag, metakaolin,
etc.), test ambient temperature, concrete age, etc. play a
significant role in this test. This method serves to estimate
concrete quality by employing regression analysis between
compressive strength and UPV. The UPV passing through
the samples is observable in Figure 8.

The findings indicate that the addition of fibers leads to
an increase in ultrasonic wave velocity. However, this
increase is relatively small, typically less than 12.5%.
Similar minimal impacts of fibers on UPV have been
reported elsewhere with researchers attributing negligible
variations to uniformity in the concrete matrix across all
mixtures [44]. This rise may be due to the fact that UPV in
steel is typically 1.2 to 1.9 times higher than in geopolymer
concrete [45].

According to Chart 6 all designs fall within the good
range [46]. As long as UPV values are within this category,
it indicates that the concrete in question lacks cracks or
voids that could compromise its structural integrity [47].
Conversely substituting cement for fly ash had little effect
on wave velocity. In geopolymer concrete, operating in dry
environment of an oven leads to the formation of fine
cracks, voids and micro-fractures which diminish the
material's integrity resulting in lower ultrasonic wave
transmission rates. However, fly ash exhibits a lower
reduction in speed due to its effective pore-filling
properties. These cracks are typically fine and mainly
affect ultrasonic wave velocity with minimal impact on
sample compressive strength [48].

In design 10, 100% fly ash geopolymer concrete without
fibers and rubber crumbs was used with results indicating
an increase in ultrasonic wave velocity in samples without
rubber crumbs. This phenomenon can be attributed to the
nature of rubber crumbs and their cavities which reduce
wave velocity. Specifically, the UPV in the sample
containing rubber crumbs (design 1) decreased by 12%
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compared to the sample without rubber crumbs (design

10).
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Figure 8: Variation in UPV Values of Samples
3.4. Results of Impact Resistance Tests

The impact test results for the mixing designs are
presented in Figure 10. In a study, adding 10% rubber
crumbs to geopolymer concrete increased the impact
energy for the initiation of the first crack and ultimate
failure by less than 20% [49]. In all groups, as the
percentage of steel fibers increased to 0.5% and 1%, the
number of impacts increased both for the initial crack and
final fracture. This implies that the energy absorption
capacity in geopolymer concrete increases with the
addition of fibers. In another study by Aziza Islam et al.
[8], it was found that adding 0.5% steel fibers increased the
impact resistance for the initiation of the first crack by 1.1
to 1.3 times. They attributed this improvement to the fibers
preventing the growth of microcracks and reducing the
propagation of small cracks before they connect and form
a larger, more effective crack. However, the greatest effect
of fibers is observed in preventing complete fracture,
which delays the complete failure of specimens. In the
study [8], adding steel fibers increased the energy required
for complete failure by 3.1 to 3.6 times. The improvement
in performance due to the addition of steel fibers to
geopolymer concrete against impact tests has also been
observed in other studies [50-52]. As it is evident, the
effects of steel fibers on impact resistance are much greater
than those of rubber crumbs, which is why the replacement
percentage of rubber crumbs remains constant (10%), and
the effects of steel fibers on impact resistance have been
observed. In normal concrete [53], adding 0.5% fibers
increased the impact energy to initiate the first crack by
approximately 30% and complete fracture by about 40%.
The increase for 1% fibers was 120% and 150%,
respectively, indicating that the effect of steel fibers on

increasing impact energy in geopolymer concrete is greater
than in ordinary concrete. In the present study, adding 0.5%
steel fibers to specimens containing 80%, 90%, and 100%
fly ash increased the impact energy for initiating the first
crack by 5%, 6%, and 5.6%, respectively, and adding 1%
fibers increased this value to 13%, 12%, and 19%,
respectively. Furthermore, adding 0.5% steel fibers
increased the impact energy for complete fracture by 16%,
12%, and 22%, and adding 1% fibers increased this value
to 64%, 49%, and 50%, respectively. As the results show,
adding fibers has a greater effect on complete fracture than
on the initiation of the first crack. The flexibility index,
obtained by dividing the absorbed energy until complete
fracture by the energy required to initiate the first crack,
indicates that adding steel fibers has increased the
flexibility index of geopolymer concrete, with a much
higher increase observed for adding 1% fibers than for
adding 0.5% fibers. The absorbed energy, which is equal
to the difference between the energy required for the first
crack and the energy required for complete fracture, is
shown in Figure 11. It is evident that adding steel fibers
increases the absorbed energy, with a greater increase
observed for concretes with 20% cement replacement. The
percentage of absorbed energy also indicates the
significant effect of steel fibers after the initiation of the
first crack until complete fracture. On the other hand, based
on the obtained results, it can be concluded that replacing
cement with fly ash in geopolymer concrete has no
significant effect on the impact resistance of the specimens.

3.4.1. The Impact of Rubber Crumbs on Impact
Resistance

This section examines the effect of rubber crumbs on
impact resistance. For this purpose, 100% geopolymer
concrete containing various amounts of steel fibers was
used in two conditions: without rubber crumbs and with
10% rubber crumbs. The energy required to initiate the first
crack, the energy required for complete failure of the
specimens, and the energy absorbed by the concrete are
shown in Figure 12. It is evident from the results that
adding 10% rubber crumbs increases the amount of impact
energy until the initiation of the first crack, with the
increase being 5.7% for specimens without steel fibers,
5.6% for those with 0.5% fibers, and 11.1% for those with
1% fibers. The energy required for final failure has also
increased, with increases of 1.9%, 12.2%, and 17.8%,
respectively. The amount of energy absorbed by the
concrete due to the addition of fibers has also increased by
36.4%, 53.1%, and 41.7%, respectively, with the values
increasing from 224 to 305, from 651 to 997, and from
1221 to 1730 joules. It is evident that the improvement in
impact energy with the help of rubber crumbs is slightly
higher in concrete with higher percentages of steel fibers.
The increase in absorbed energy due to the addition of
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Figure 11: Variations in the amount and percentage of absorbed energy with different fiber contents for various fly ash and cement compositions
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Figure 12: Comparison of the impact energy and the amount of energy absorbed for the sample without rubber crumb and containing 10% rubber crumb

rubber crumbs can also be justified by the decrease in
ultrasonic wave velocity resulting from the addition of
rubber crumbs. In this study, adding 10% rubber crumbs
has resulted in a 12% reduction in ultrasonic wave velocity,
indicating that rubber crumbs, due to their material

properties and inherent porosity, have been able to
attenuate some of the ultrasonic wave energy. This
phenomenon holds true for impact energy as well, as
adding rubber crumbs has increased the energy absorbed
during impact testing.
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3.5. Results of SEM, XRD, and XRF

The outcomes from scanning electron microscopy
(SEM) can significantly aid in identifying the structure and
behavior of concrete. In Figure 13 on the left side the steel
fibers used in design 3 are evident. Steel fibers with their
bridging properties between cracks and cohesive effect on
concrete have a significant impact on enhancing
geopolymer concrete [54]. Panda and Padhi [55] conducted
an SEM analysis in their study on the characteristics of
rubber-containing concrete to examine the bond properties
of rubberized concrete. They stated that rubber crumps act
as a barrier against crack propagation and reduce the
initiation of primary cracks [56]. According to their
findings rubber crumps appear as voids within the
geopolymer paste forming a weak bond with it
Researchers in SEM experiments on rubber-containing
concrete have indicated the presence of gaps (voids)
between the geopolymer paste and rubber particles [57,
58]. They attributed the existence of these gaps to the weak
bond between the geopolymer paste and rubber particles.
On the right side of Figure 13 the microstructure presents
in design 9 geopolymer concrete is evident. There are
numerous voids in the concrete, which can be attributed to
the presence of rubber crumps. Many researchers in SEM
experiments on rubber-containing concrete have pointed
out the presence of voids between the cement or pozzolan
paste and rubber crumps [57, 58]. They attributed the
existence of these voids to the weak bond between the
rubber crumps and other concrete constituents. In a study
[59, 60] that examined the effect of geopolymer concrete
microstructures based on fly ash after adding Portland
cement to it, it was acknowledged that the addition of
cement leads to a denser and more compact concrete due to
the improved microstructure resulting from the proximity
of hydrated products along with the alumina silicate
polymer structure.

The chemical analysis and physical characteristics of
geopolymer concrete based on fly ash according to ASTM
C618 [61] standard is provided in the table below. As
evident from the XRF results in Table 4, with the addition
of 10% cement to the fly ash-based geopolymer concrete,
the levels of SiO2 and AI203, which are the main
constituents of geopolymer concrete, have decreased by
13.6% and 36.8%, respectively, while the levels of CaO
and Fe203 have increased significantly. LOI indicates the
weight loss due to combustion at 1000°C, providing a good
estimate of the carbon content as a meaningful constituent,
which is 27% higher in Design 6 compared to Design 1.
The XRD results for Designs 1 and 6 are illustrated in
Figure 14. For this experiment, sections of the central parts

of the specimens were separated and ground into uniform
powders for testing. According to researchers' findings, the
peak intensities are displayed between 15° to 40°,
indicating variations in atomic arrangements and
structures. By studying the angles at which the XRD peaks
are formed and their relative intensities, the materials and
their phases can be identified. It is evident that the major
difference in the results of the two designs lies in the peak
intensity, which is higher in Design 6. The primary reason
for this increase is the presence of calcium.

4. Conclusion

This study investigated the mechanical properties of fly
ash-based geopolymer concrete containing steel fibers and
crumb rubber. The variations included 0.5% and 1% steel
fibers and the substitution of cement with fly ash by 10%
and 20%. The following conclusions were drawn from the
conducted experiments:

1- Compression and tensile strength tests revealed that
adding steel fibers to geopolymer concrete increases both
strengths. Specifically, the addition of 0.5% steel fibers
increased compressive strength by 4% to 60%, while for
1% steel fibers it ranged from 14.5% to 67%.

2- Regarding tensile strength, adding 1% steel fibers
improved it by 14.5% to 70%. Additionally, it was
observed that replacing cement with fly ash did not
significantly affect compressive strength but adding 10%
cement could be considered the optimal replacement
amount in terms of tensile strength with further
replacement resulting in reduced tensile strength.

3- Elastic modulus testing indicated that adding steel
fibers increased the modulus of elasticity and replacing
10% of cement with fly ash also increased it.

4- Ultrasonic wave testing results demonstrated good
quality for all samples. The increase in fibers led to an
increase in the speed of wave transmission through the
concrete. The substitution of cement with fly ash had little
effect on wave speed.

5- Impact resistance test results showed a significant
impact of steel fibers on the number of impacts until the
first crack initiation and complete failure of the specimens.
Adding fibers increased the resistance to complete failure
by 12% to 22% for 0.5% fibers and 49% to 64% for 1%
fibers. Moreover, replacing cement with fly ash had
minimal effect on concrete resistance to impact.
Substituting 10% crumb rubber improved the impact
energy of the concrete increasing the energy until the first
crack initiation by 10%, energy until complete failure by
15%, and absorbed energy by 43% on average.
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Figure 13: SEM microstructure for geopolymer concrete containing rubber crumps and steel fibers: (a, c): mix 3; (b, d): mix 9

Table 4
XRF Test Values for Samples of mixes 1 and 6

Chemical composition of materials in the composition of concrete

Mix Id
LOI Fe,03 NAO K,0 MgO CaOo AL,O; SiO,
7.97 0.03 1.13 0.0 2.62 0.04 17.1 71.1 Mix 1
10.18 3.13 1.89 24 145 7.9 10.8 61.4 Mix 6
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Figure 14: XRD for Samples of mixes 1 and 6
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ABSTRACT

Nanotechnology has emerged as a transformative force in the construction industry,
revolutionizing traditional building materials and methods. This paper delves into the
multifaceted applications of nanotechnology in construction, focusing on its impact on
building coatings, materials, colors, insulation, and sensors. By incorporating nanoparticles
like carbon nanotubes and titanium dioxide, construction materials gain enhanced
mechanical properties and durability. Nano-coatings applied to surfaces such as glass, wood,
and concrete offer benefits like water repellence, UV resistance, and antibacterial properties,
contributing to energy efficiency and cost savings. Furthermore, advancements in self-
healing concrete, fire-resistant glass, and smart surfaces demonstrate the potential of
nanotechnology to address longstanding challenges in construction. The paper also explores
the use of nanotechnology in paints, insulation, and sensors, highlighting innovations such
as self-cleaning paints, antistatic coatings, and nano-acoustic insulators. Overall, the
integration of nanotechnology into the construction sector promises improved product
quality, energy efficiency, and longevity, heralding a new era of sustainable and resilient
built environments.
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1. Introduction

Nanotechnology significantly influences building
construction, with steel, glass, and concrete industries
playing effective roles (Figure 1) [1]. The incorporation of
nanoparticles, notably carbon nanotubes (CNT) and
titanium dioxide (TiO2), enhances the mechanical
properties of main structures in construction [2]. Moreover,
nano coatings applied to both interior and exterior building
facades hold particular importance in the carpentry sector
[3]. The nano-coatings applied to the building offer various

benefits, including water repellence, minimized dirt
absorption, and UV ray resistance on surfaces such as
cement, brick, Pottery roof Tiles, stone, tile, marble, wood,
ceramic, glass, steel, and concrete. Furthermore,
advancements in construction materials, such as reinforced
concrete, self-repairing and self-cleaning glass, fire-
resistant coatings, and energy-controlling glass, contribute
to reducing energy consumption [4-6]. Additionally,
employing  antibacterial  colors  derived  from
nanotechnology prevents bacterial penetration in structures
like office buildings, residential complexes, and hospitals,
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extending their lifespan and maintaining a bacteria-free
environment [1, 7].

These innovations exemplify the significant impact of
nanotechnology in the construction industry. Experts
predict that, like historical advancements like steam
engines and information technology, nanotechnology will
revolutionize various sectors. By reducing materials to
nano dimensions and combining them with nano polymers,
novel materials with unprecedented hardness and
durability can be synthesized, such as clay and ceramic-
based compounds [8-11].

The advantages of using nanotechnology in the
construction industry can be considered as [1, 13]:

e Improved product quality

o  Energy efficiency

e  Cost savings

e Enhanced product durability

2. Nanotechnology in building coatings

This technology is applied to both internal and external
surfaces of buildings, including glass, plastic, wood, steel,
stone, brick, tile, ceramic, cement, and concrete surfaces.
These "smart surfaces” are typically either super-
hydrophilic or super-hydrophobic, allowing for surface
reactions. It's important to note that these coatings are
antibacterial and safe for human health [14, 15].

Self-cleaning surfaces employ photocatalytic coatings
with TiO2 nanoparticles, activated by sunlight, to break
down dirt and oxidize VOCs into harmless byproducts.
These surfaces, applied through nanocoating films or
integrated into substrates like concrete, are exemplified by
architectural landmarks such as the Jubilee Church in
Rome, Marunouchi Building in Tokyo, and 40 Bond Street
Apartment in London, showcasing advanced self-cleaning
facade systems (Figure 2) [16].

2.1. Stone and wood nano-coating

These antibacterial nano-coatings provide resistance to
water, air, organic, and inorganic materials, making them
essential in the construction industry. They maintain the
original appearance of the surface while preventing

adhesion and repelling water, grease, and other
contaminants [17]. Moreover, nano-coating for permeable
stone surfaces, which have absorbent properties, serves
various purposes. These coatings typically consist of
diamond, silver, glass, and ceramic particles, with water
and alcohol as the carrier phase. They can withstand
temperatures up to 300 degrees Celsius [18]. Benefits
include [19, 20]:
e Covering porous surfaces while maintaining
breathability
e  Protecting surfaces against environmental factors
e Easy cleaning of stains, including fats and oils
with water
e Prevention of mold, algae, and similar formations
Protection against dirt accumulation.

3. Applications of nanotechnology in the construction
industry

3.1. Wooden surfaces

Stone and wood nano-coating are used not only on
regular wooden surfaces but also on polished and painted
wooden surfaces. They are applied to polished wooden
surfaces within three months of polishing, while
multipurpose nano-coating is suitable for painted wooden
surfaces [21, 22].

3.2. Fiber Cement

Buildings constructed with fiber cement can accumulate
stains and dirt over time. The cement used in the facade
absorbs dirt and sunlight, making it difficult to remove
stains. Applying stone and wood nano-coatings to the
facade can prevent the penetration of dirt and bacteria,
preserving the original appearance [23].

3.3. Bricks and Ceramics

The presence of large trees near buildings can cause
green stains to develop on the facade over time.

Applications of nanomaterials in concrete
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Figure 1. Applications of nanomaterials in concrete [12]
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Jubilee Church in Rome
Figure 2. self-cleaning facade systems in buildings

High-pressure cleaning may temporarily remove these
stains but can lead to increased adhesion and faster dirt
absorption [24]. Stone and wood nano-coatings can prevent
such staining and adhesion. For pricing inquiries regarding
bricks, you can refer to Sivan Land [25].

3.4. Sandstones and Aerated Concrete

Sandstones and aerated concrete, commonly used in
studios and porches, are prone to absorbing dirt and grease,
leading to a rapid deterioration in appearance [26].
Traditional pressure cleaning methods may prove
ineffective. Stone and wood nano-coatings allow the
surface to breathe while preventing material penetration,
preserving the original color and structure [27].

3.5. Stone Tiles and Slabs

Applying stone and wood nano-coatings protects
buildings, gardens, and sculptures from environmental
damage, maintaining their color over time [28].

3.6. Glass

Nano glass coatings, widely used in automobile
construction, offer various benefits in the construction
industry, including [29]:

3.6.1.  Self-cleaning glasses

These coatings create a hydrophilic film on the glass
surface, promoting self-cleaning properties under sunlight.
TiO2 nanoparticles in the coatings possess hydrophilic and
antiseptic properties, breaking down organic pollutants
[30].

3.6.2.  Energy-controlling glasses

These glasses regulate ultraviolet and infrared waves
while controlling visible light transmission, offering
energy-saving benefits [31].

Marunouchi Buildiﬁg in

3.6.3.  Fireproof glass

Utilizing nanoparticles, fire-resistant glasses prevent
breakage by forming a protective coating under heat. Fire-
resistant glasses have been created by using nanoparticles,
which form a sponge-like coating due to heat and prevent
the glass from breaking [32].

3.6.4. Smart glasses

These glasses can adjust light absorption, providing
simultaneous light and heat control [30].

3.6.5.  Anti-reflective glasses

Ideal for applications requiring low light reflection,
such as fashion shows and exhibitions, these glasses are
widely used in the construction industry [33].

3.7. Concrete

Many research studies are being conducted in the field
of applying advanced technologies to concrete buildings to
enhance our understanding of this subject at a fundamental
scientific level. Technologies such as atomic force
microscopy (AFM), scanning electron microscopy (SEM),
and focused ion beam (FIB) microscopes, designed for
nanoscale studies, are being utilized. For daily concrete
prices, please refer to Sivan Land [25].

3.7.1.  Self-healing Concrete

Controlling and preventing cracks is a fundamental
challenge in structural engineering. Self-healing concrete
technology enables immediate repair processes to
commence once damage occurs [34].

3.7.2.  Nanosilicas (SiO2)

Utilizing silica nanoparticles allows for an increase in
particle density within concrete, thereby enhancing the
density of micro and nanostructures constituting concrete.
Consequently, mechanical properties are improved [35].
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Additionally, incorporating silica nanoparticles into
cement-based materials regulates chemical decomposition
caused by calcium silicate hydrate (H-C-S) due to calcium
settling in water. Moreover, it prevents water penetration
into the concrete, thereby enhancing its durability [36].

3.7.3.  Carbon Nanotubes (CNT)

Extensive research is being conducted on the
applications of carbon nanotubes, uncovering remarkable
properties. For instance, despite having one-sixth the
density of steel, carbon nanotubes exhibit five times the
Young's modulus and eight times the strength of steel.
Incorporating half to one weight percent of these pipes into
the concrete matrix significantly enhances sample
properties. Carbon nanotubes are utilized in both single-
walled and multi-walled forms [37, 38].

3.7.4.  Single-wall Carbon Nanotube:

Nano-clay Particles: Various types of nanoparticles in
different adhesives (binder mortars) and their impact on
key concrete erosion-related characteristics are being
investigated [39]. These characteristics include preventing
the transfer of chlorine ions, resistance to carbon dioxide,
water vapor diffusion, water absorption, and penetration
depth. A solvent consisting of low molecular weight epoxy
resin and Nano-Clay has shown promising results in this
regard [40].

Iron Oxide Nanoparticles or Hematite (Fe203): The
addition of iron oxide nanoparticles to the concrete matrix
not only enhances concrete strength but also facilitates
monitoring of concrete stress levels through shear
electrical resistance measurements [41].

Titanium Dioxide Nanoparticles (TiO2): Titanium
dioxide nanoparticles serve as a reflective coating to
enhance concrete properties on building facades. Through
robust photocatalytic reactions, these particles can
decompose organic pollutants, volatile organic compounds
(VOCs), and bacterial membranes. Consequently, they are
added to paints, cements, and glasses to impart antiseptic
properties. TiO2-containing concrete exhibits a white color
and distinctive luster, maintaining effective binding
properties. Ordinary concrete buildings lack such features
[42].

3.8. Steel

Steel is one of the most important metals in the
construction industry. Research has shown that adding
copper nanoparticles to steel reduces the surface roughness
of the steel. Consequently, it decreases the number of
stress-inducing factors and, eventually, cracks caused by
fatigue in structures such as bridges and towers, where
intermittent loading is prevalent [43].

3.9. Sensors

Sensors based on nanoscale technology can offer a wide
range of automation capabilities in concrete structures.
These sensors can be utilized for various purposes,
including controlling the quality and durability of concrete.
They enable measurements such as density, concrete
degradation rate, and key parameters affecting concrete
durability, such as temperature, humidity, chlorine
concentration, pH, carbon dioxide levels, tensile strength,
rebar corrosion, and vibration [44, 45].

3.10. Cement

As widely recognized, cement plays a pivotal role in
various  construction  processes, offering myriad
applications. Nanotechnology holds the promise of
significantly enhancing the physical and chemical
properties of cement [46].

3.11. Concrete

Utilizing lightweight concrete in construction renders
buildings both lighter and more resistant to earthquakes.
Additionally, it proves cost-effective in the construction
industry. The reduction in mass results in smaller
dimensions for columns, beams, and roof thickness,
thereby conserving construction materials. Moreover, due
to its minuscule pores, lightweight concrete provides at
least 10 times better heat and sound insulation compared to
regular concrete. For inquiries regarding construction
material prices, Sivan Land is a reliable reference.

3.12. Heat-Generating Smart Nano Concrete

Heat-generating intelligent nano-concrete can provide
real-time, accurate temperature information to a central
control system. Upon detecting freezing temperatures, the
system promptly adjusts the environmental temperature
[47].

4. Nanotechnology in colors
4.1. Self-cleaning paints

These paints can be formulated by incorporating various
types of self-cleaning nanoparticles into the paint resin.
They offer high transparency and suitability for both
interior and exterior surfaces of buildings. These paints are
highly valued for enhancing durability, reducing costs, and
minimizing equipment maintenance time [48].

2024-vol6(1)-p 35-41



Journal of Civil Engineering Researchers 39

4.2. Antibacterial paints

Utilizing nanotechnology and antibacterial coatings
creates inherent antibacterial properties on surfaces that
remain effective even after washing or exposure to
detergents. These coatings inhibit bacterial and microbial
growth, protecting against fungi and mold in public spaces
and similar environments [49].

4.3. Antistatic paints.

Antistatic coatings, capable of conducting electricity
and dissipating static charge, are essential in areas where
flammable materials are present. Offering robust chemical
and physical properties, antistatic paint enhances quality
and durability [50].

4.4. Scratch-resistant paints.

These paints offer excellent scratch resistance, making
them suitable for application on exterior and interior
surfaces, doors, windows, and flooring [51].

5. Nanotechnology in Insulation
5.1. Sound insulation.

Nano acoustic insulators reduce the speed of sound
waves and are thinner than conventional insulators, making
them more suitable for use in the construction industry
[52].

5.2. Thermal insulation

Insulators with higher thermal resistance allow less heat
transfer, resulting in greater energy savings. Thus, the
effectiveness of insulators lies in their thermal resistance
rather than their thickness [53].

5.3. Moisture insulation

Resistance to moisture penetration significantly impacts
the durability of building materials. Clay nanoplates and
cellulose fibers serve as effective moisture-resistant
coatings without any adverse side effects [54].

6. Conclusion

In conclusion, nanotechnology represents a paradigm
shift in the construction industry, offering innovative
solutions to age-old challenges. The applications of
nanomaterials and coatings have demonstrated remarkable

improvements in product quality, energy efficiency, and
durability across various construction materials and
surfaces. By leveraging nanotechnology, buildings can
achieve  superior  performance, resilience, and
sustainability while reducing maintenance costs and
environmental impact. The development of self-healing
concrete, fire-resistant glass, and smart coatings
underscores the potential of nanotechnology to
revolutionize construction practices and mitigate risks
associated with climate change and resource depletion.
Moving forward, continued research and investment in
nanotechnology will be crucial to unlocking its full
potential and realizing the vision of smart, adaptive, and
environmentally responsible built environments. As the
construction industry embraces nanotechnology, it stands
poised to usher in a new era of innovation, efficiency, and
resilience in building design and construction.
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ABSTRACT

Hollow core slabs are commonly used in prefabricated building construction and are
calculated and constructed using gravity loads. The dead loads of the structure are reduced
by using this slab system. Different criteria, such as the initiation and propagation of cracks
in the hollow core slab, are used to analyze these slabs. Fracture mechanics is the basis for
studying crack propagation. The present study was conducted to analyze the propagation of
cracks in hollow core slabs under common loading conditions using the finite element
method and numerical modeling to analyze cracks in reinforced concrete members. This
research is theoretically conducted using finite element software. This research takes into
account the potential varieties of cracks in concrete slabs. Slabs should consider all three
types of cracks, which are shear, flexural, and flexural-shear cracks obtained from the
reference test. Two Contour integral and XFEM methods are used to analyze cracks in
Abaqus software. To validate and control the modeling process, the laboratory results of the
research of Ibrahim N. Najma, Raid A. Daudb, and Adel A. Al-Azzawi. December 2, 2019,
has been used. The outcomes of this study showed that the probability of the formation of a
flexural-shear crack in the slab is higher than in other crack forms.
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1. Introduction

Slabs are one of the important components of structures
that carry the important task of carrying loads on the
structure [1]. There are various methods for predicting the
behavior of normal and solid slabs, the most important of
which are the theories based on fracture lines. In the case
of hollow core slabs, despite their increasing use, it can be
said that due to the geometric diversity and characteristics
of the holes or internal cavities of these slabs, there are

* Corresponding author. Tel.: +989904417166; e-mail: Alireza.sa30@gmail.com.

many areas for research, especially in the field of
predicting the occurrence and propagation of cracks. Its
impact on the general behavior of the members is doubled,
especially since the various theories and relationships
presented by researchers in the field of crack analysis are
also very diverse, and considering the relative youth of this
branch of science, evaluating their effectiveness in hollow
core slabs needs to be investigated.

N. Najma et al. (2019) conducted a study on the
Behavior of reinforced concrete segmental hollow core
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slabs under monotonic and repeated loadings. The
investigation includes testing of twelve specimens that are
solid and hollow core slab models. The test program was
carried out to study the effects of load type, core diameters,
core shape, number of cores, and steel fiber existence. The
test results showed that core shape and core number have
remarkably influenced cracking pattern, ultimate load, and
failure mode. Also, when considering repeated loading
protocol, the ultimate load capacity, load at yielding, and
ductility are reduced [2].

Salehi. et al, (2016), investigated the numerical study of
the behavior of one-way prestressed hollow core slabs. Due
to the earthquake-proneness of different regions of the
world, Reducing the weight of buildings is one of the
methods that have been considered to reduce earthquake
forces. The use of prefabricated hollow slabs is one of the
ways to reduce the dead load of the building. In this study,
4 types of hollow prefabricated slabs with different
thicknesses were modeled under specific dead load in
ABAQUS finite element software. With additional
nonlinear static analysis, the capacity of slabs and their
nonlinear behavior have been evaluated. The results show
that with the increase in the thickness of the slab, the final
shear strength of the slab increases. The results also show
that the ultimate strength has decreased in the hollow slab
with polygonal (non-circular) holes [3].

Shafizadeh. et al, (2014), investigated the introduction
of a finite element modeling method for pre-stressed slabs
with holes in the core by ABAQUS software and
investigated the changes in friction coefficient. In recent
studies, prefabricated prestressed hollow core slabs (HC)
have generally covered the market of many countries for
use in buildings with performance in the floor and ceiling
area with an advanced method in the factory and with a low
cost in installation. Today, hollow core slabs (HC) have
strengthened their position. Prestressing increases the
usability of hollow core slabs compared to reinforced
concrete slabs, thus increasing the cracking moment and
other functions of the slab. Therefore, in this research, a
finite element modeling method has been introduced to
simulate these slabs in ABAQUS software [4].

Aikaterini S. et al, (2015), In an article that studied
Nonlinear finite element analysis of reinforced concrete
slab-column joints under static and quasi-dynamic loads
was performed to investigate their failure modes in terms
of ultimate load and crack patterns. Three-dimensional
finite element analysis (FEA) was performed with
appropriate modeling of element size and mesh and
constitutive modeling of concrete. The material parameters
of the damaged plasticity model in ABAQUS were
calibrated based on the results of the internal slab-column
connection test. The predictive ability of the calibrated
model was demonstrated by simulating different slab-
column joints without shear reinforcement. Internal

samples of slab-column under static loading, internal
samples under static and reverse cyclic loading, and edge
samples under static and horizontal loading were
investigated. Comparison between experimental and
numerical results shows that the calibrated model correctly
predicts the shear response of punched slabs. [5]

R. J. C. Silva et al. (2021), investigated the punching
shear strength of 21 hollow slabs. In the articles under this
title, to compare the ultimate load of 10 hollow slabs with
different sizes of holes, numerical modeling was done with
the help of ANSYS software. Loads and failure modes
were investigated and it was found that in the case of
shearing in the area of the ribs of the hollow slab, samples
with less solid parts have lower load-bearing properties
than samples with more solid parts. Hollow slabs with
areas that have a larger volume are punched like flat slabs
and show similar behavior. The evidence showed that the
samples with a solid area of 15% of the slab opening have
a suitable capacity [6].

Al-Awazi and Al-Assadi (2017) in an article titled "
Nonlinear behavior of one-way reinforced concrete hollow
block slabs " investigated 11 slab samples, 8 of which were
hollow and the other samples were flat slabs with simple
supports. Two types of loading and geometric sections
(23.3% and 29.1% volume reduction) were considered for
the slabs. The proposed finite element model showed a
good fit with the results. The difference in the bearing
capacity obtained with the laboratory sample was only
10%, which is a small and appropriate difference. 29.1%
reduction in cross-sectional area under two loading
patterns showed an increase in capacity equal to 8.6% and
5.7% compared to flat slab. Despite the appearance of
cracks in the hollow core slabs with a lower load than the
reference slabs, the crack development in the hollow core
slabs during loading is slower than that in the solid slab,
which is a result of the presence of reinforcement in the
upper web of the slab [7].

Al-Awazi and Al-Asadi (2016) in an article entitled
Numerical analysis of reinforced concrete hollow-core
slabs, in this study, three hollow slabs were investigated
and compared with flat slabs. The purpose of this research
was to investigate the effect of reducing the weight and size
of the holes on the final capacity of the hollow slab.
Parameters such as the ratio of the opening cut to the
effective depth, the size and shape of the holes, the type of
loading, and the effect of the upper rebars of the slab were
taken into consideration. The results showed that reducing
the weight of the slab with the help of holes has reduced
the final bearing capacity of the slab. Increasing the cross-
sectional area of the ribs in the section of the hollow block
slab shows better results than increasing the number of ribs
in the same percentage reduction of the cross-sectional area

8].
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Somasekhar Anjaly et al. (2015) conducted a study on
the effect of openings in hollow slabs and it was found that
the openings that are located in the cavity area of the
hollow slab with a width less than 10% of the width of the
strips do not have much effect on the final load capacity of
the hollow slab and the openings created by the two middle
strips are surrounded and can be widened up to 40% of the
width of the strips. Also, the openings that are surrounded
by the column strip and the middle strip can have a width
equal to 20% of the cases [9].

Sheikhnasiri Alireza conducted a Comparative study of
numerical methods used in the prediction of post-crack
behavior of waffle slabs. the waffle slab sample was
modeled with two types of distributed and concentrated
loading conditions and two types of simple and fixed
support conditions. The models were modeled by two
methods of concrete damage plasticity and smeared
cracked concrete by Abaqus software. Various parameters
of these samples, including the load-displacement diagram,
the load coincident with the formation of cracks, the
displacement in the middle of the slab opening, and the
pattern of the formation and propagation of cracks, etc.,
were discussed and investigated. The outcomes of this
study showed; a relatively good correspondence between
the two methods of Concrete damage plasticity and the
concrete smeared crack model, but due to the definition of
failure in the Concrete damage plasticity method, more
accurate results can be obtained. [10]

2. Methodology

This research is theoretically conducted using finite
element software. This research takes into account the
potential varieties of cracks in concrete slabs. Slabs should
consider all three types of cracks, which are shear, flexural,
and flexural-shear cracks obtained from the reference test.
Two Contour integral and XFEM methods are used to
analyze cracks in Abaqus software. To validate and control
the modeling process, the laboratory results of the research
of Ibrahim N. Najma, Raid A. Daudb, and Adel A. Al-
Azzawi. December 2, 2019, has been used. According to
the results, the most destructive type of crack in the slab
and also the best method of crack analysis can be extracted
from the software.

2.1. Validation

To conduct the research, 7 samples of hollow slabs have
been defined. The shape and location of cracks are defined
based on the reference article. First, a sample without
cracks is analyzed and compared with the laboratory
sample. 6 other samples were analyzed in two groups with
flexural, shearing, and flexural-shearing cracks using

Contour integral and XFEM methods and then compared.
Table (1) shows the mentioned models by type of crack
analysis. Concrete with a compressive strength of 42.7
MPa and a modulus of elasticity of 29926 MPa has been
used. Concrete was modeled by the concrete damage
plasticity method. Rebars with a yield strength of 524 MPa
ultimate strength of 650 MPa and modulus of elasticity of
200000 MPa were used.

2.2. Modeling

Abaqus finite element analysis software was used to
model and analyze samples. Fig. 1. To Fig. 4. show
examples of hollow slab cracks modeled in Abaqus
software. The location of the considered cracks in the
model made by Abaqus was considered based on the
location of the cracks in the laboratory sample.

Table 1: Type of crack analysis

Type of No crack  Flexural Shear Flexural-
crack crack crack shearing
analysis

None Model 1

Contour - Model 2 Model 3 Model 4
integral

XFEM - Model 5  Model 6 Model 7

Fig.

. Schematic view of the hollow core slab with flexural crack

i

ig. 3. Schematic view of the hollow core slab with shear crack

Fig. 4. Schematic view of the hollow core slab with shear crack
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Fig. 5. Schematic view of rebars front section
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Fig. 6. Schematic view of rebars side section

The waffle slab was modeled with dimensions of 200 x
600 x 1200 mm. Two holes with a diameter of 100 mm and
a distance of 100 mm from the short side and 50 mm from
the upper and lower parts were considered. The
reinforcement detailing on the bottom of slab #6mm@ and
spacing of 100 mm for main rebars, and #8mmg at 150mm
for shrinkage. Fig. 5. And Fig.6. Shows rebar details.

The conditions of loading and support are such that the
support on both sides of the beam is hinged and the beam
is subjected to a monotonic load of 250 KN by a jack. Fig.
7. Shows load and boundary conditions for the slab model.
Two analysis methods, Contour integral and XFEM, were
considered for the samples.

First, model number 1 was analyzed under the
mentioned specifications and its results were compared
with the laboratory results for validation. Fig. 8. Shows the
load- displacement of model 1, and Fig. 9. Is a comparison
of numerical and experimental results.

By superimposing the two force-displacement diagrams
obtained from Abaqus and the laboratory model, the
difference between the experimental and numerical force
was equal to 10 kilonewtons or 5%, and the displacement
difference was equal to 0.4 nlwndw or 2%.
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Fig. 7. Load and boundary conditions for the slab model
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Fig. 9. Load- displacement of Abaqus model and experimental results

3. Results and discussion

The results of the load-displacement diagram of all 3
cracking models as mentioned are shown in Fig.10. and
Fig.11. for the Contour integral and XFEM method.

For model 1, in both analytical methods, according to
the diagram, at the maximum displacement of 17.8 mm, the
applied force is equal to 250,000 newtons. For model 2 or
sample with flexural crack and contour integral method,
according to the diagram, in the maximum displacement of
6.7 mm, the applied force is equal to 100,000 newtons. In
model number 3, at the maximum displacement of 9.5 mm,
the applied force is equal to 140,000 newtons. For model
4, in the maximum displacement of 5.1 mm, the applied
force is equal to 58,000 newtons. According to the diagram
in Fig. 11. for model 5, at the maximum displacement of
8.1 mm, the applied force is equal to 130,000 newtons. For
model 6, the maximum displacement is 11.5 mm, and the
force is equal to 160,000 newtons. And for model 7, it is
equal to 6.5 mm in force equal to 81000 newtons. It is also
possible to see the amount of energy absorbed by the slab
according to the first crack until the moment of failure of
the slab are shown in Fig. 12. and Fig. 13.
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method

Table 2 shows the maximum energy input to the
structure, displacement, capacity, and strain of each model.

4. Conclusions

The following points were concluded based on the

values obtained from the model.

Fig. 11. Load- displacement of models 1, 5, 6, and 7 in the XFEM

method
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Fig. 12. Absorbed energy of models 1, 2, 3, and 4 in the contour

integral method

Table 2: The maximum energy input to the structure, displacement,
capacity, and strain of studied model.

Model Strain  Displacement Load Maximum
Number mm Capacity Energy

N N.m
1 0.049 17.8 250000 2800
2 0.016 6.7 100000 1500
3 0.029 9.5 140000 1800
4 0.012 51 58000 1200
5 0.02 8.1 130000 1600
6 0.027 115 160000 2000
7 0.02 6.5 81000 1400
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In the crack analysis by the Contour integral
method, at the initiation of the first flexural, shear,
and flexural-shear crack until the moment of slab
failure, the bearing capacity is 60%, 44%, and
77% respectively, and for displacement 62%,
46%, and 71% and also for the absorbed energy is
reduced by 46%, 36%, and 57%.

In the crack analysis by the XFEM method, the
creation of the first flexural, shear, and flexural-
shear crack until the moment of failure of the slab,
the bearing capacity is 48%, 32%, and 67%
respectively, and for displacement 54%, 35% and
63%, and also for absorbed energy 42%, 28%, and
50% decrease.

Modeling the crack initiation and propagation
criteria in the Contour integral method requires
the design of element meshes considering the
possibility of crack growth. If modeling crack
propagation and opening is also considered, the
work will be much more complicated. In this way,
the path of crack expansion should be predicted in
advance and the surface of the elements should be
placed on this path. In this method, a singularity
is defined at the tip of the crack, which requires
using a special type of element. In the new method
known as XFEM or Extended Finite Element
Method, many of the complications and
limitations of the old methods have been solved
by using enriched elements.

In terms of the most destructive type of crack
created in the slab, in order: flexural-shear crack,
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flexural crack, shear crack (rarely happens in the
structure)

e According to the load-displacement (capacity)
diagram, the first flexural-shear crack at a force of
81000 newtons and a displacement of 6.5 mm, the
first flexural crack at a force of 130000 newtons
and a displacement of 8.1 mm, and the first
shearing crack at a force of 160000 newtons and
a displacement of 11.5 mm meters, so according
to the results of the analysis, the probability of
creating a flexural-shear crack in the slab is higher
than other cracks.
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ABSTRACT

The modern types of concrete consist of a mixture of aggregates, cement, water, and optional
additives and admixtures. Polymer additives, such as superplasticizers, latexes, redispersible
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powders, polymer fibers, and recycled polymers, have shown promise in significantly
altering the properties of concrete and mortar. These polymeric materials are widely used in
the construction industry to enhance resistance to cracking and improve overall performance.

This paper provides an overview of popular polymeric additives and their impact on concrete
properties, as well as the relationship between the chemical structure of additives and the

behavior of the resulting concrete.
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1. Introduction

The cement industry, a major producer in terms of
volume, supplies building materials for the construction
industry. Cement is a key ingredient in concrete, the most
widely used building material with diverse applications
and primarily used for structural elements. The widespread
use of concrete is due to factors such as abundant resources,
low cost, and high compressive strength [1]. Concrete is a
mixture of various substances serving different purposes,
typically containing aggregates like gravel, sand, and/or
stones, along with an adhesive usually made of cement and

* Corresponding author. Tel.: +989123355282; e-mail: s_68_kermani@yahoo.com.

water (10-15% vol.). Different types of concrete exist,
including high-performance concrete developed in the
1990s characterized by low water content due to the
introduction of plasticizers and secondary binders. This
type of concrete exhibits significantly increased
compressive strength compared to standard-strength
concrete [2]. The development of very tall buildings and
large structures has led to increased requirements for
concrete with features like high compressive strength and
exceptional durability. To address these needs, lightweight
concrete (LWC) was developed with a density ranging
from about 1400 to 2000 kg/m3 due to inner voids in its
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structure [4]. Additionally, ternary and quaternary binder
systems have been introduced using different cementitious
materials to achieve early strength, rapid setting, and better
shrinkage compensation than standard OPC-based
materials [6]. Furthermore, research has focused on
improving concrete mechanical properties through the
addition of polymers to the cementitious matrix. Polymer-
modified concrete (PMC) or polymer-modified mortar
(PMM) involves various forms of polymers such as
latexes, liquid resins, water-soluble polymers and
copolymers, fibers, and re-dispersible powders that can
enhance properties like flowability, setting time, freezing—
thawing  resistance, mechanical properties, anti-
penetrability, microstructure change, shrinkage reduction
effect [10-18]. Fibers have also been examined as additives
incorporated into the cementitious matrix to improve
tensile and flexural performance while reducing shrinkage
cracking [20-28]. Synthetic fibers can be replaced with
recycled polymer material as a sustainable solution for
utilizing polymer waste as filler or modifier in concrete
production [29-31]. This paper provides an overview of
recent developments and research on polymer additives
used in concrete-based composites. It focuses on how
various polymer additives impact the parameters of mortar
and concrete.

The review is specifically focused on superplasticizers,
latexes, redispersible powders, admixtures for improved
crack resistance, fibers, and recycled polymers as potential
additives in concrete-based composites. It emphasizes the
connection between the chemical composition of these
additives and the overall behavior of concrete

I

CELLULOSE

2. Plasticizers and Superplasticizers

The concrete industry experienced rapid development in
the 1990s with the introduction of a new type of chemical
admixture known as plasticizers. The initial generation was
based on lignosulphonate compounds, which reduced the
water/cement ratio by approximately 5-10% [32]. It is
widely recognized that reducing the water content in
mortar leads to a decrease in the overall porosity of
concrete [16]. Consequently, decreasing the water amount
in mortar has benefits for durability and workability, and
also contributes to shrinkage reduction [33]. Fresh cement
paste can generally be seen as a suspension dispersion with
chemical reactivity. Upon exposure to water, the cement
grains immediately begin to dissolve and hydrate, resulting
in the accumulation of both positive and negative charges
on the cement surface. As a result, electrostatic interactions
between opposite charges on the surfaces of the grains lead
to the flocculation of cement grains and subsequent water
entrapment [34]. Water present in the mixture can be
chemically bonded in hydrates, physically adsorbed on
cement grain surfaces, entrapped in flocculated structures,
or remain non-bonded as free water, serving as a dispersion
medium. It is well established that macroscopic properties
of liquid—solid dispersion, such as viscosity and
flowability, are dependent on microstructure, which is
closely linked to liquid—solid interface properties [35]. The
addition of plasticizers or superplasticizers to the
cementitious matrix brings about significant changes in
solid-liquid interface properties (Figure 2) [36,37].
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Figure 1. illustrates the types of additives and their impact on concrete-based composites.
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A category of compounds that can reduce the
water/cement ratio by approximately 25% is known as
superplasticizers [38,39,40]. The introduction of these
compounds has proven to be a convenient and practical
method for enhancing the properties of concrete. However,
the high fluidity they induce can lead to adverse effects
such as bleeding and phase separation. To address these
drawbacks of superplasticizers, the addition of viscosity-
enhancing compounds was  developed [41,42].
Superplasticizers come in various types with differing
chemical structures and can be categorized into groups
such as lignosulphonates, sulfonates, naphthenates,
melamine sulfonates, and polycarboxylates [43]. Unlike
plasticizers, superplasticizers operate through a different
mechanism and consequently have varying effectiveness in
reducing water mixing. The specifics of this mechanism
are discussed later in this review. Different types of
reactive groups present in the molecules of
superplasticizers bond with Ca2+ cations at different
strengths. According to published data, the strength of
these bonds decreases in the following order: phosphate >
carboxylate > sulfonate > sulfate > alkoxide and water [44].
Therefore, polycarboxylate containing -COO-— groups
demonstrates improved effectiveness in dispersing cement
particles compared to plasticizers containing -SO3—
groups, for example. Furthermore, research efforts have
been made to investigate the efficiency of polymer
admixtures containing the most effective groups for
chelating calcium ions, such as phosphonates and
phosphate groups [36,45,46].

J. Stecher and J. Plank synthesized a phosphated comb
polymer  superplasticizer, testing its  dispersing
performance in cement through slump tests in cement paste
[45]. They found that polyphosphate superplasticizers
exhibited improved dispersing performance compared to
PCEs superplasticizers, with less retarding effect on
cement. The authors emphasized that the high calcium
complexing capacity of the phosphate group contributed to
these results. Both plasticizers and superplasticizers are
essential admixtures in concrete, listed in the European
standard PN-EN 206 as a possible solution for achieving
the right consistency by reducing water content, modifying
consistency without changing water and cement amounts,
or reducing cement content [52]. Superplasticizers, also
known as high-range water reducers, are often used in
concrete formulations to reduce water volume and achieve
higher solid content while maintaining proper consistency.
Scientists and engineers have identified basic properties of
superplasticizers, confirming their ability to improve the
workability of fresh concrete [53], chloride binding [54],
and durability of cementitious materials [16]. However,
using such compounds has introduced new challenges due
to poor compatibility with the multi-component system of
concrete, including cement, fine aggregate, and additional

materials. ~ Significant problems include bleeding,
segregation, low initial slump, flash set, and set retardation
[55]. Consequently, scientists have begun thorough
investigations  into  the interactions  between
superplasticizers and particles in the cementitious matrix.
N. Roussel et al. indicated that rheological properties of
fresh concrete are determined by interactions among
particles in the cementitious matrix. As the cement
hydration process progresses, new rigid phases are created
such as anhydrous phase at an early stage, ettringite,
calcium silicate hydrate (CSH), and gypsum. This leads to
increased yield stress, thixotropy, and hardening of the
cementitious material significantly reducing workability
[36,55]. The application of superplasticizer serves to keep
distance among particles through distribution of polymer
molecules adsorbed onto particle surfaces, decreasing
interaction strength. Improved workability results from
releasing a large quantity of water during deflocculation
process [34,55]. Numerous studies have shown that fluidity
of fresh cement paste depends on the amount of
superplasticizer adsorbed by a square meter of solid
particles [57-59]. The adsorption of superplasticizer on
solid surface depends on polymer’s chemical structure at
solid interface and pore solution containing different
dissolved ions [36]. It is important to note that processes of
superplasticizer adsorption and cement hydration occur at
a certain point during concrete formation [60]. At early
stages during first period of cement hydration new phases
develop leading to morphology changes in the
cementitious matrix. Superplasticizers display different
adsorption affinity toward surface of various hydration
products and mineral phases affecting hydration process
including ettringite formation. Therefore, hydration rate
mortar morphology surface properties of hydration
products their size and amount greatly influence concrete
workability [61-63]. In case of Portland cement hydration
main composition of solid surfaces is result of hydration
calcium silicate aluminate phases among them certain
interfaces can be specified separating ettringite gypsum
CSH anhydrous phases. According to previous studies
ettringite  shows highest adsorption capacity for
superplasticizers CSH phase adsorbs superplasticizers at
least 310 times less than ettringite consequently ettringite
is considered crucial phase for understanding fresh
concrete rheology [36]. Marchon indicated that ettringite
surface is entirely covered by polycarboxylate
superplasticizer (PCE). Liu et al provided elucidatory
description interaction between polycarboxylate polymer
molecules and hydration products OPC surface coverage
cement hydration products by PCE together with size
distribution cement particles affects workability obtained
material Polycarboxylate superplasticizer strongly adsorbs
onto positively charged cement particles however
adsorption process could be weakened through screening
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effect counterions The other recently analyzed super
plasticizer is Welan gum In work by Khayat it was
established that Welan gum at low shear rates is able
increase yield stress enhance rebuilt-up Kkinetics rest
increase viscosity cement paste It is noteworthy that
Portland cement not only type used practice there also
other types have different mineral composition H Tian
investigated effects polycarboxylate superplasticizers
sulfoaluminate SAC systems SAC contains calcium
sulfoaluminate fraction various calcium sulphates such
CaS0O4 CaS04-2H20 CaS04-0 5H20 responsible faster

hydration SAC compared OPC article H Tian effects
polycarboxylate superplasticizers obtained via radical
copolymerization acrylic acid AA a-methallyl-x-hydroxy
poly(ethylene glycol) monomer ratio 4 ordinary Portland
investigated SAC system study confirms differences
compatibility selected superplasticizer used The adsorption
superplasticizer solid surface depends chemical structure
polymer added superplasticizer adsorbed onto surface
consequence electrostatic specific interaction interface
Figure 3.
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Figure 2. Diagram illustrating the different types of plasticizers and superplasticizers, factors that influence them, and the resulting changes in concrete-
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Figure 3. The diagram of a hydrating cement particle with non-uniform distribution of superplasticizer polymer on its surface (adapted from [67]).
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It is widely acknowledged that the functional group of a
superplasticizer has varying adsorption affinity towards a
given surface. This was discussed by J. Stecher and J. Plank
[45], who synthesized phosphate comb superplasticizers
based on methacrylate ester and compared their properties
with their carboxylate counterparts. They found that
polyphosphate  comb  polymers  outperform  the
polycarboxylate ones in terms of their dispersing capacity
in cement paste, attach more readily to the cement surface,
and impede cement hydration to a lesser degree [45]. In
addition to the type of functional group of
superplasticizers, other parameters of polymers
significantly influence the adsorption process. These
parameters include the number and density of the
adsorbing groups, the length of the side-chain, as well as
its grafting density [55,68]. Numerous studies indicate that
the dispersing efficiency of PCE superplasticizer depends
on either the dosage and quantity of PCE adsorbed on the
surface of cement particles or the charge density and
activity of the long side chain [69,70,71]. Furthermore, it
has been noted that superplasticizers impact the setting
time of fresh concrete and its mechanical properties.
Polycarboxylate superplasticizers slow down ettringite
formation but increase its total surface area [62]. It was
found that PCE superplasticizers facilitate the formation of
nano-sized ettringite, which is a primary source of
incompatibility between cement and additives [61].
Moreover, PCE adsorbs onto reactive sites of 3Ca0-SiO2

a)

Cement LS, SNF, SMF
grains superplasticizer

Cement
grains superplasticizer

(C3S), inhibiting its dissolution and delaying the hydration
process [64]. Shen et al. indicated that adding PCE to SAC
could delay the setting time of cement-based substances
[72]. Additionally, a superplasticizer can positively affect
concrete’s  mechanical  properties by  improving
microstructure, especially due to reducing water/cement
ratio. Several studies have investigated how
superplasticizers influence mechanical and rheological
properties of mortar and concrete. Researchers have
established that the effect of superplasticizers on hardened
concrete performance depends on the type and dosage used
as well as the binder [43,68,73]. M. Benaicha et al.
presented a correlation between rheology and strength in
self-compacting concrete (SCC), where compressive
strength decreased with an increase in superplasticizer
amount [70]. Superplasticizers act as dispersants in
colloidal particle suspensions to prevent undesired
agglomeration and reduce overall viscosity. To allow
cement paste flow, it must exceed yield stress associated
with rigid particle networks. The yield stress depends on
colloidal and contact interactions among particles and
nature of solid particles and their volume fraction [55].
Superplasticizers may interact with cement particles
through different mechanisms directly related to their
chemical structure. Generally, two mechanisms are
distinguished: electrochemical forces and steric hindrance
forces [74,75]. Figure 4 presents two different mechanisms
of action for superplasticizers in the cementitious matrix.

\ l
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repulsion
J,f::\;
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Figure 4. Diagram: (a) the impact of electrostatic repulsion on cement; (b) steric hindrance mechanism, adapted from [51].
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The mechanism based on electrochemical forces was
initially developed to explain the properties of plasticizers
like lignosulphonate. Lignosulphonate compounds have a
bipolar structure and exhibit typical polyelectrolyte
properties. Their interaction mechanism is based on the
physical repulsion of negatively charged cement particles,
causing the disintegration of cement lumps into smaller
particles, which reduces surface tension on the grains
wetted by mixing water. Consequently, fine cement grains
move more freely [47]. The electrostatic repulsion leads to
an increase in the zeta potential, which depends on the
presence of negative charges in the cementitious matrix
[76,77]. Both naphthalene and melamine operate similarly
to lignosulphonate plasticizers, providing an electrical
dispersing effect [74]. In contrast to linear polycondensates
that disperse cement particles through electrostatic
repulsion, PCE molecules with comb-shaped structures
achieve dispersion mainly through steric hindrance
[46,65]. Generally, polycarboxylate-based
superplasticizers, including polyacrylates, acrylic esters,
and sulfonated polystyrene, consist of negatively charged
backbone carboxylic groups and lateral grafted chains
composed of ethylene oxide units (EOUs) [78]. The steric
hindrance effect results from oriented adsorption of
superplasticizer molecules on positively charged cement
surfaces, weakening the attraction between cement

particles. The negatively charged carboxylate anions at the
polymer backbone adsorb onto positively charged surfaces
of cement particles. Simultaneously, grafted side chains
hinder aggregation of cement particles, introducing steric
repulsion and a fluidizing effect. Upon adsorption of
polycarboxylate superplasticizer, the particles' zeta
potential changes from positive to negative or zero [75]. As
a result of attaching superplasticizers to cement particles,
they cannot approach each other and the attraction forces
among them are weakened. Several studies have shown
that mortar fluidity depends on the amount of
superplasticizer adsorbed on particle surfaces [57,58]. A
different perspective on superplasticizers and their
interactions with cement has been presented in works by
Flatt and Hust [79] and Flatt et al. [80]. According to their
theory, introduced superplasticizer is divided into three
parts. They have established that the first part is utilized
during chemical reactions. The second part is adsorbed
onto the cement surface while the last part constitutes the
superplasticizer forming a saturated system after
introduction of an adequate volume of additive. Moreover,
according to Qian et al., it should be emphasized that an
increase in PCE superplasticizer concentration leads to an
increase in both the adsorbed part and remaining part of the
additive.
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Figure 5. Diagram illustrating the impact factors and alterations induced in concrete-based composite by redispersible powders and polymer dispersion
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3. Redispersible Powders and Polymer Dispersions

The rapid growth of the construction industry has led to
efforts to enhance the fundamental properties of concrete
and address its limitations, such as brittleness, low
durability, and insufficient strain capacity, by modifying
the microstructure of hydrated cement. In recent years,
advancements in building construction have significantly
progressed, and research on high-performance cement-
based materials has been advanced to meet industry
requirements. One way to improve concrete performance,
including strength and durability, is by incorporating
polymers into the cement matrix. Cement-polymer
composites are formed by replacing all or part of the
cement hydrate binder with polymers. Polymer-modified
concrete was initially introduced in the 1990s and has since
become a common construction material [10]. Today,
various types and forms of polymers are used as chemical
admixtures (Figure 5). Among these widely used additives
are polymers with different chemical structures, such as
lignosulfonates, polyvinyl acetate, ethylene-vinyl acetate,
styrene-butadiene  copolymers,  styrene-acrylic, and
polyacrylic ester [81,82]. Numerous studies have been
conducted on these materials [12,83,84,85,86]. Currently,
polymers are incorporated into cement in various forms,
including latexes, liquid resins, redispersible powders, and
water-soluble homo- or copolymers [81]. Given that the
type of polymer used in the manufacturing process impacts
the properties of the resulting composite, the selection of a
polymer type and form depends on the intended use of
concrete and is associated with desired properties such as
strength, chemical resistance, and durability [87].

Initially, polymer-modified mortar and concrete were
created by adding a polymer dispersion in latex or
emulsion form to the plain cement-based mixture during
the mixing process. The primary advantages of polymer
latexes include their capacity to form flexible polymer
films upon dehydration, as well as their ability to provide
proper adhesion and cohesion in cementitious materials
[12]. As previously mentioned, water-based polymer
systems are utilized to enhance the properties of regular
concrete, contributing to increased mechanical strength
[10], improved workability [10,86], enhanced durability
[13], reduced water absorption [88], and a decrease in
overall porosity [89]. However, one limitation of these
polymers is their potential for re-emulsification in humid
alkaline conditions [10]. Due to their exceptional
properties, cement-polymer composites are employed in
various applications such as repair mortars, waterproofing
membranes, self-leveling compounds, and tile adhesives.

Redispersible polymer powders (RDP) are a modern
type of substances produced by spray-drying polymer
dispersions and often used for the same purpose as polymer

latexes. They are spray-dried to receive polymer powders
[81]. It is important to emphasize that spray-drying
auxiliaries strongly influence the properties of the RDP-
modified mortar. It was observed that polyvinyl alcohol
(PVA), which is an example of a colloidal stabilizer in the
production of carboxylated styrene-butadiene latex, tends
to screen the negative charges of polymeric carboxylate
groups, which are to react with calcium ions. As a result,
the process of forming a polymer film does not occur
properly and the conversion from stage Il to stage Il is
accelerated, as shown in Figure 3 and described in Section
3.1[90,91].

The properties of cement—polymer concrete and mortars
obtained using RDP powders are comparable to those
formed in the process of polymer dispersion [93]. The
major difference between these two types of concrete is the
presence of the spray-dried auxiliaries in the first of the
mentioned concrete types, which affects the composite
properties. The spray-drying compounds adsorbed on the
polymer surface need to dissolve or disperse from the
polymer surface to allow coalescence and film formation.
This requirement makes the polymer latexes less viable.
Consequently, in many cases, they are replaced by an
admixture of redispersible polymer powders because of
their more straightforward application in concrete
production.

3.1. The process of how the polymer film is formed within
a cement-based matrix

The introduction of polymer into the cementitious
matrix alters the microstructure of concrete [94]. The
influence of adding polymer on the cement hydration
process has been extensively studied in recent years. The
nature of the relationship between polymer and cement
particles is a topic of ongoing discussion among
researchers. Many studies describe the physical
interactions between the binders and the polymeric film
created within the cementitious matrix, and their impact on
the properties of hardened mortar and concrete. Scientists
have also documented both chemical and physical
interactions between cement and polymers, proposing the
development of new complex structures and alterations in
the morphology of cementitious materials, including
changes in the composition and quality of hydrated phases
[14]. The formation of a polymer film involves multiple
stages, with researchers identifying four distinct phases
(Figure 6).

The initial stage involves dispersing the polymer
particles in water (solvent). As the water evaporates, the
polymer particles agglomerate, leading to the formation of
the second stage, which consists of a closely packed array
with trapped water in the spaces between particles. The
subsequent stage occurs as a result of water being expelled
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from these spaces through hydration and evaporation
processes, resulting in a dense array of hexagonal, distorted
polymer particles. Some researchers suggest an additional
intermediate stage (Stage I111*) between stages Il and 1V,
characterized by a randomly packed array of distorted
particles surrounded by water-filled spaces. Finally, stage
IV is formed when the polymer particles coalesce into a
uniform polymer film. The transition from stage 11 to IV
only occurs if the ambient temperature exceeds the glass
transition temperature (Tg) of the polymer [95,96].

3.2. Physical Characteristics of Cement-Polymer
Composites

Redispersible polymer powders, when mixed with
water, create a uniform dispersion with properties similar
to the original polymer dispersed in water. The formation
of the polymer film occurs as individual latex particles
coalesce after dehydration. These substances are designed
for one-time dispersion, so if hardened concrete becomes
wet again, they remain unchanged. The resulting films
exhibit increased cohesion in the fresh state and adhesion
in the hardened state [97]. Polymers can enhance various
fundamental characteristics of concrete, including
mechanical properties, fresh mortar flowability, resistance
to permeability and freezing-thawing, as well as corrosion
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resistance. Studies have shown that the addition of
polymers to the cementitious matrix significantly alters its
microstructure and the strength of physical and chemical
interactions within the cementitious phase [15]. Numerous
studies have been conducted on the attributes of polymer-
modified cement materials. According to some reports,
styrene-butadiene rubber (SBR) latex enhances flexural
and tensile strength, carbonation resistance, waterproofing
properties, and anti-shrinkage of mortar. Ethylene-vinyl
acetate copolymer latex, widely wused in concrete
technology, yields result similar to SBR while also
increasing flexural and tensile bond strength and concrete
durability. Styrene-acrylic ester (SAE) copolymer latex
enhances durability but reduces the elastic modulus of
cementitious materials  [6,12,15,89,92,98].  Similar
findings were observed in studies on the effects of using
redispersible powders in cementitious materials. Many
researchers have confirmed that the application of RDPs
improves the mechanical strength of mortar and concrete,
such as compressive strength and flexural strength, which
gradually increases depending on the RDP content used.
Furthermore, it is generally agreed that admixtures of
polymer powders affect several properties of concrete,
including freeze-thaw resistance, water permeability,
elasticity modulus, and corrosion resistance [18,98,99].

Stage

dense particle packing

T> MFFT l
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- o

particles deformation
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Figure 6. Diagram illustrating the formation of a polymer film from an aqueous dispersion, depicting stages | to IV (adapted from reference [95]).
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Water permeability and curing conditions are critical
factors that can impact the mechanical properties of
concrete, ultimately affecting its service life. Young-Kug
Jo [92] investigated the microstructure of polymer-
modified concrete after curing in various conditions and
the influence of these conditions on the tensile adhesion of
concrete. The study examined three polymers—ethylene-
vinyl acetate (EVA), styrene-butadiene rubber, and
styrene-vinyl acrylic ester—in standard, dry, water, and
high-temperature (70 °C) curing conditions. The adhesion
in the tensile strength of polymer-modified concrete
depends on both the type of polymer and the curing
conditions. EVA achieved the highest adhesion in standard
curing conditions, while dry curing provided adequate
drying time for polymer film formation. However, in
humid conditions, the polymer film was not uniformly
dispersed in the cementitious matrix, resulting in lower
adhesion after water curing [92]. In a separate study, S.
Gwon et al. [18] investigated the impact of adding an
acrylic redispersible polymer powder on the microstructure
development and mechanical properties of ultra-rapid
hardening concrete. The study focused on compressive
strengths, rheology, hydration phase evolution, porosity,
morphological transition, and setting time. Results
indicated that adding a polymer delayed setting time but
significantly strengthened the microstructure of ultra-rapid
hardening cement systems. The optimal polymer-to-
cement ratio was determined to be approximately 10%
based on test results [18]. Medeiros et al. [14] confirmed
that applying EVA or acrylate polymers to cement blends
increased compressive tension and direct-shear bond
strengths. Silva and Monteiro [100] examined the influence
of EVA powder and cellulose ethers on the hydration of
Portland cement phases, particularly C3S and C3A.
Microscopic imagery revealed that EVA copolymer
particles tended to agglomerate around C3S grains during
hydration and acted as nucleation sites for the CSH phase.
However, introducing EVA into the cementitious matrix
hindered ettringite formation in the initial hours of cement
hydration [100]. Studies involving vinyl acetate and
versatate copolymer (VA/VeoVa) demonstrated improved
resistance to alkaline hydrolysis compared to other
copolymers containing vinyl acetate groups [101].
Additionally, VA/VeoVa powder exhibited water-
reduction effects and retained water in cement mortar,
significantly improving concrete toughness and reducing
shrinkage rates. Furthermore, VA/VeoVa powder
facilitated air entrapment, increasing total air content in
fresh mortar. However, Wang et al.'s work showed that
VA/NVeoVa polymer powder reduced the compressive
strength of concrete [15].

3.3. Effects of Aging on Cementitious Blends Modified
with RDP

The presence of water leads to a partial prehydration of
the cement surface and the polymer film formation.
Polyvinyl alcohol (PVA) present on the redispersible
polymer powder (RDP) particles’ surface, which acts as a
colloidal stabilizer in the spray-drying process, might
dissolve in humid conditions, allowing the polymer powder
to coalesce into a film, partially protecting the cement
particles from aging. As a result, the mechanical properties,
such as compressive and flexural concrete strengths, with
RDP powder achieve higher values than concrete without
RDPs after conditioning in humid air [19].

There is little information in the literature pertaining to
the long-term performance and durability of cement—
polymer concrete, especially with redispersible powder
polymers. J. Schulze and O. Killermann [102] examined
and described a long-term performance of three different
RDPs admixtures, i.e., vinyl acetate-ethylene, styrene-
acrylic and ethylene-vinyl chloride-vinyl laurate. They
have established that the morphology of the polymers in
the cementitious matrix does not change over the 10-year
long storage, neither in dry nor humid conditions. The
polymer particles were distributed in the matrix and formed
secondary reinforcement in the pores and flaws of
cementitious blends. Cement serves as an inorganic binder
that contributes to compressive strength, while the
redispersible powder, an organic binder, affects internal
tensile strength and adhesion bond strength at interfaces.
Both cement and redispersible powder work together to
enhance the properties of mortar and concrete [19,102].

4. Fiber

The literature review uncovered numerous studies on
the use of fibers in cement-based composites, known as
fiber-reinforced concrete. Adding fibers to a cement blend
enhances the mechanical properties, toughness, ductility,
and resistance to cracking in mortar and concrete. Over the
past few decades, various types of fibers have been
investigated for use in cement-based materials. Steel fibers,
glass fibers, natural fibers, and polymer fibers are the
primary types used for concrete reinforcement. Steel fibers
have been traditionally favored due to their ability to
significantly improve the tensile and flexural strength of
cementitious materials by absorbing energy and controlling
cracks. Additionally, their high electrical and heat
conductivity makes them suitable for special conditions.
However, corrosion is a major drawback that can
compromise the durability of structures made with steel
fiber-reinforced concrete. Glass fibers and natural fibers
such as wood, coconut, palm, and vegetable fibers also
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provide good reinforcement but come with significant
limitations. Glass fibers have poor alkali resistance, while
natural fibers lack durability. The use of randomly
distributed polymer-based fibers in the cement matrix has
garnered considerable attention due to their effectiveness
in enhancing the fundamental characteristics of concrete
(Figure 7).

The application of polymer fibers has resulted in
advantageous outcomes such as resistance to corrosion and
alkaline reactions, salts, chlorine, and microorganisms.
R.F. Zollo [103] has presented a schematic crack arrest
mechanism for fiber-reinforced concrete (Figure 8). The
diagram illustrates the ability of the fibers to absorb energy
and control crack propagation. It depicts fiber rupture (1)
and pull-out (2), tension bridging through the fiber (3), and
debonding of the fiber from the matrix, effectively
dissipating energy to prevent crack growth. The presence
of fibers in the matrix (5) helps confine the cracking area,
resulting in smaller cracks distributed in the adjacent space
of the cementitious matrix, as shown in Figure 8. The
reinforcing effect observed in concrete is not solely due to
individual fibers but rather a cumulative effect of all fibers.
In traditional concrete, micro-cracks are present even
before loading due to drying shrinkage causing volume
contraction. Some researchers have reported a decrease in
drying and plastic shrinkage cracks due to fiber use
[25,104]. Generally, micro-plastic fibers with lengths
ranging from 5-30 mm and diameters from 5 to 100 pm
can effectively reduce plastic shrinkage cracking. The
prevention of crack propagation in concrete by micro and
macro-fibers is depicted in Figure 9. Macro-plastic fibers

ranging from 30 to 60 mm in length are utilized to control
shrinkage, particularly drying shrinkage. The formation of
plastic shrinkage cracks can be attributed to moisture loss
after casting. If the rate of moisture evaporation exceeds
0.5 kg/m2 per hour, it can lead to internal strain induced by
increasing negative capillary pressure within the matrix.
Plastic shrinkage occurs at an early stage when the concrete
strength has not yet developed [105]. Kim et al. [25]
examined the impact of fiber geometry and volume fraction
on moisture loss rate and plastic shrinkage cracking. They
found that the volume of macro-plastic fibers and their
geometry do not affect total moisture loss, while plastic
shrinkage was reduced when the fiber fraction reached
0.25%.

According to the literature, the synthetic fibers most
frequently utilized in concrete are polypropylene (PP)
fibers, polyamide (PA) fibers, polyethylene (PE) fibers,
and polyvinyl alcohol (PVA) fibers. All of these fibers are
distinguished by their low density, resulting in a high
volume of fiber content in the cementitious matrix relative
to the mass of the fibers.

In recent years, researchers have examined how
synthetic fibers affect the rheology and mechanical
characteristics of cement-based materials. They have
explored the impact of different types of fibers, which vary
in chemical composition, volume within the cementitious
matrix, size (macro- and micro-), and geometry [25,108].
Additionally, they have investigated the influence of
individual and combined (various lengths and sizes)
polymer fibers on concrete [27,110].
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Figure 7. Impact of polymer fibers on the characteristics of concrete-based composites.
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Figure 8. The diagram illustrating the absorption of energy between

concrete and fibers (based on literature [103]). (1) Failure of the fiber;

(2) pulling out of the fiber; (3) bridging by the fiber; (4) separation of

the concrete matrix from the fiber; (5) cracking of the concrete matrix.
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Figure 9. Prevention of crack spread in concrete reinforced with fibers
[107].

4.1. The Rheological Characteristics and Mechanical
Attributes of Cementitious Materials with Fibers

The inclusion of fibers in the cementitious matrix
affects both the fresh and hardened states of concrete. It is
widely recognized that polymer fibers decrease the
workability of fresh mortar [106]. This occurs because a
network structure forms within the concrete matrix,
impeding the flow of the mixture. Additionally, a high
volume and surface area of fibers can cause water
adsorption, thereby increasing mortar viscosity [105,111].
However, Ramezanianpour et al. [28] proposed that the
reduced workability of mortar with a higher fiber content
in the cementitious matrix is due to trapped air in the inner
pores. M. Tabatabaeian et al. [106] examined the
rheological properties of fresh concrete reinforced by
fibers and found that steel fibers cause a slight decrease in
slump flow, while polypropylene fibers significantly
reduce it. Yap et al. [112] demonstrated that mortar
workability depends on micro-fiber geometry, with
fibrillated polypropylene fibers having a lower effective
surface area, resulting in better workability compared to
multifilament fibers [113]. Hydrophobic polyolefin fibers

such as polypropylene and polyethylene were observed to
have similar effects on concrete properties, including fresh
blend rheology. PE fibers were found to decrease slump
flow to a similar extent as PP fibers [112,114,115]. The
presence of PVA fibers leads to a reduction in workability
proportional to an increase in fiber content. PVA fibers
have a more significant effect on flow reduction than PE
and PP fibers due to their hydrophilic nature [114]. As
previously mentioned, the impact of fibers on concrete's
mechanical strength depends on their size, chemical
structure, and quantity within the cementitious matrix.
Research by Yin et al. [105] suggests that macro-plastic
fibers in cementitious materials have no significant impact
on compressive strength, consistent with findings reported
by Behfarnia and Beharvian [116]. However, Felekoglu et
al.'s study [117] showed that adding PP macro-fibers
increased the compressive strength of foamed concrete.

Additionally, Gencel et al. [118] have verified the
enhancement of compressive strength in self-compacting
concrete resulting from the inclusion of PP macro-fibers.
Ramezanianpour et al. [28] studied the impact of PP fibers
on the mechanical properties of concrete for sleeper use
and found that increasing the amount of PP fibers gradually
decreased the compressive strength of concrete sleepers.
M.Tabatabaeian et al. [1L06] examined the influence of PP
fibers on the mechanical properties and durability of high-
strength SCC compared to steel fibers, revealing a decrease
in compressive strength with the incorporation of PP fibers.
Furthermore, replacing steel fibers with PP fibers in hybrid
mixes resulted in reduced compressive strength across all
hybrid samples. Hybrid fibers have garnered attention due
to their superior effects on composite performance
compared to single fiber blends, as demonstrated by Chen
and Liu's study [110] on high-strength lightweight
concrete. Hsie et al. [119] investigated polypropylene
hybrid fiber-reinforced concrete, finding that adding mixed
PP macro- and micro-fibers to the cementitious matrix
increased compressive and flexural strength compared to
single fibers. Yun's research focused on PVA/ultra-high
molecular weight PE hybrid fiber-reinforced concrete,
showing that a higher amount of PVA fibers improved
compressive performance compared to samples with more
PE fibers [119]. Guler [108] explored the use of PA fibers
in hybrid form in cement-based composites, finding that
while the addition of both PA macro- and micro-fibers did
not notably increase compressive strength, it did
significantly enhance flexural strength. Cao et al. [109]
developed a new multiscale hybrid fiber system
comprising CaCO3 whiskers, PVA, and steel fibers, which
significantly improved the mechanical properties of
cementitious materials, enhancing flexural strength, energy
absorption capacity, and reducing plastic shrinkage in
concrete based on previous tests.
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4.2. The Microstructural Composition of Cement-Based
Materials Reinforced with Synthetic Fibers

The analysis of microstructure is a suitable approach for
understanding the physical and mechanical properties of
fiber-reinforced cementitious materials, and as a result,
researchers have placed significant emphasis on the
microstructural characterization of concrete. The literature
review has identified numerous articles focused on
studying the microstructures present in fiber-reinforced
concrete using various techniques, including scanning
electron microscopy (SEM) [28,120,121,122], energy
dispersive spectroscopy (EDS) [123], X-ray diffraction
analysis (XRD) [26,120,121,124,125], infrared absorption
spectroscopy (IR) [123], Fourier transform infrared
spectroscopy (FTIR) [120,123], and thermogravimetry
analyses (TGA) [124]. Generally, the hydrophobic nature
of polymer plastic fibers results in poor bonding in
hydrophilic cementitious materials. SEM analysis reveals
the presence of trapped air voids around polyolefin fibers
(Figure 10). To address this issue, some researchers have
modified the surface of fibers using chemical solutions
[126,127,128] and plasma treatment [129]. Lopez-Buendia
et al. [128] discussed the surface modification of
polypropylene fibers through alkaline treatment (Figure
11), which led to cement crystal growth on the modified
fibers' surface and improved fiber-cement adhesion. The
literature review indicates that surface treatment enhances
the mechanical properties of hardened concrete, such as
flexural strength [127,129], crack strength [126], and
toughness [126,129].

.h“ : ..

Figure 10. Inadequate adhesion and air voids trapped around a PE fiber
within the concrete matrix [131].

Another method of surface modification for fibers that
has been experimentally tested is thin layer coating.
Hernandez-Cruz et al. [129] examined the chemical
interactions between PP fibers coated with ethylene acrylic
acid copolymer (EAA) and the cementitious matrix. They
discovered that in the cement paste containing the EAA-
coated fibers, bonding is enhanced due to the hydrophilic

carboxyl groups present in EAA, which interact with the
Ca2+ and Na+ cations from the cement paste. This
improved bonding enhances the post-cracking behavior of
concrete reinforced with the modified fiber compared to
concrete reinforced with non-modified PP fiber. C.
Signorini et al. [130] studied the impact of silica-coated PP
fibers on the mechanical properties of fiber-reinforced
concrete. Polypropylene fibers were coated with silica
nanoparticles using the sol-gel technique. They found that
nano-silica coating is an effective method for improving
bond strength in the fiber-cementitious matrix. The SEM
analysis (Figure 12) reveals that the surface of the fiber in
a control sample appears scratched, with mortar adhering
to its surface only in some places, whereas on the surface
of modified fibers, attached mortar grains are visible.

4.3. Characteristics of Concrete Reinforced with Recycled
Polymer Fibers

Recently, the potential use of recycled plastic waste
fibers in concrete has garnered attention from researchers.
A number of experimental studies have been conducted to
investigate reinforcing concrete with recycled plastic fibers
[131,132,133,134,135]. The focus has primarily been on
plastics found in waste in significant quantities, such as
PET fibers, rubber aggregates, and polystyrene wastes.
These plastics are being tested as a partial replacement for
sand in concrete, with an exchange ratio of 10% by volume
potentially saving 820 million tons of sand per year [134].

B.S. Al-Tulaian et al. [133] examined the effects of
recycled PET waste fibers on the mechanical properties of
Portland cement mortar, including flexural strength,
flexural toughness, and shrinkage cracking. They found
that adding fibers reinforced concrete and led to increased
flexural toughness and strength. Moreover, increasing the
fiber volume fraction significantly improved the reduction
of plastic shrinkage cracking. Different types of tested
fibers varied in length and volume fractions but all resulted
in a decrease in total crack areas and widths.

Ochi et al. [134] studied the bond behavior of concrete
reinforced with recycled PET fibers from waste bottles.
Samples with fiber content above 1% exhibited higher
bending strength than reference samples. A similar effect
was observed by Kim et al. [25], who studied the
performance of concrete with different types of shredded,
recycled PET. Embossed fibers showed superior
mechanical bond strength followed by crimped and straight
fibers. Additionally, samples with the highest bond
strength also demonstrated the best resistance to plastic
shrinkage cracking.

The influence of recycled PET fibers on early-age
performance and mechanical characteristics of reinforced
concrete has also been investigated. Borg et al. [31] used
fibers shredded from waste plastic bottles of different sizes
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Figure 11. The exterior of polypropylene fi
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and geometries and found that their addition reduced
compressive strength but restrained crack development
induced by an environmental chamber.

M. Horgnies et al. [136] studied the effect of PA wastes
on the microstructure of lightweight mortars and found that
compressive strength decreased proportionately with an
increase in polymer waste content while total porosity
increased.

These studies demonstrate the potential benefits and
challenges associated with using recycled plastic waste
fibers in concrete applications [131,132,133,134,135].

5. Conclusions

In summary, research has been conducted on enhancing
concrete by incorporating polymer-based additives into the
cement matrix. The effects of adding superplasticizers,
latexes, redispersible powders, admixtures, fibers, and
recycled polymers to concrete have been explored.
Reviewing the literature has led to several conclusions. The
addition of a plasticizer or superplasticizer can achieve the
desired consistency by reducing water or cement content.
Key factors influencing the properties of resulting concrete
composites include the type, number, and density of

bers: prior to alkaline treatment (a) and following alkaline treatment (b) [128].

T 500 W “"

L
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Figure 12. The appearance of the samples after the bending test: unmodified PP fibers (on the left) and PP fibers coated with silica (on the right) [130].

adsorbing groups, side-chain length, and grafting density.
Additionally, the dosage and quantity of superplasticizer
used significantly impact its efficiency in adhering to
cement particles. Redispersible powders and polymer
dispersions influence the cement hydration process and can
form flexible polymer films after dehydration, providing
proper adhesion and cohesion in cementitious materials.
Polymeric fibers are known for their elasticity, chemical
resistance, high strength, and excellent wear resistance.
Consequently, cement-based materials containing fibers
exhibit improved mechanical properties, toughness,
ductility, and post-cracking resistance. Furthermore, the
low melting temperature of polymeric fibers results in
reduced spalling in concrete composites at higher
temperatures. The literature review demonstrates that
polymer-based additives are valuable components that can
overcome limitations in concrete. Future studies are likely
to focus on self-repairing concrete composites.
Technological advances have been made to produce
concrete without reinforcement using self-compacting
technology with high aesthetic values and quality while
being lighter, safer, more flexible, durable, and
environmentally friendly. Additionally, future concrete
may have the potential to utilize solar and wind energy and
capture/consume CO2 and NOX.
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Scholars Pavilion

Scholars Pavilion or Scholars Chartagi is a monument donated by the Islamic Republic of
Iran to the United Nations Office at Vienna. The monument architecture is claimed by the
Islamic Republic News Agency of Iran to be a combination of Islamic and Achaemenid
architecture, although the latter clearly predominates in the decorative features, with Persian
columns and other features from Persepolis and other remains from the Achaemenid dynasty.
The Chahartaq pavilion form runs through the architecture of Persia from pre-Islamic times
to the present.

Statues of four famous Persian medieval scholars, Omar Khayyam, Al-Biruni, Muhammad
ibn Zakariya al-Razi and 1bn-Sina are inside the pavilion. This monument donated in June
2009 in occasion of Iran's peaceful developments in science.
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