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ABSTRACT

This study investigates and compares the performance of reinforced concrete buildings
containing SMA bars and steel bars as longitudinal reinforcement of column. The use of this
type of material is to reduce permanent deformation in the structure due to the reversible
properties of these materials. First, a laboratory specimen of a reinforced concrete column
with shape memory alloy bars was modeled in the OPENSEES software and the modeling
method was validated. Then, 3- and 5-story concrete frames, in two states, reinforced with
steel bars and SMA bars, under nonlinear static and nonlinear time history analyses with
near-fault records were analyzed. The results of the time history analyses showed that,
although the use of SMA bars significantly reduces the residual deformation of the structure,
it does not show a significant effect on reducing the maximum displacement of the structure.
The maximum rotational deformation of columns in frames with SMA bars is greater than
of frames with steel bars. However, SMA bars have greatly reduced the permanent rotational
deformation of columns and reduced it to zero. The maximum drift of floors in frames with
SMA bars increases slightly. The permanent drift of the structure in frames with SMA bars
is significantly reduced.
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1. Introduction

During an earthquake, heavy structures, especially
concrete structures, are subjected to significant forces due
to their large mass [1,2]. The ways to dissipate the energy
imposed on structures during an earthquake without
destroying the stability of the structure are important. One
of the ways to reduce the concrete structures damage is to
use shape memory alloys (SMA) [3,4,5]. These materials

are smart metals that have two different crystal structures,
one of which is stable at high stresses and the other at low
stresses. This reversible phase transformation has led to the
emergence of special mechanical properties in them, which
can improve the seismic performance of structures.

Shape memory alloys (SMAS) are a class of materials
that have unique properties, including Young's modulus-
temperature relations, shape memory effects, superelastic
effects, and high damping characteristics [6]. Superelastic
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shape memory alloys (SMASs) have the ability to undergo
large deformations and recover all plastic deformations
upon unloading. Their utilization in steel structures can
significantly reduce seismic residual deformations, which
will facilitate post-seismic retrofitting [7]. Experimental
results by Sharabash & Andrawes, 2009 showed that the
SMA braced frame could withstand several strong
earthquakes with very limited capacity degradation [8].
The investigations by Abdulridha et al., 2013 and Abraik
& Youssef, 2018 demonstrate the superior seismic
performance of superelastic SMA RC as compared to steel
RC. The results show that the crack widths and crack
spacing were larger in the SMA beams; however, upon
removal of load, the crack openings were recovered,
Energy dissipation was lower in the SMA beams [9,10].
The results by Nikbakht et al., 2015 indicate that in high
seismicity zones, bridge columns with SMA bars have a
superior performance against earthquake loading [11].
Recent studies showed that concrete confinement using
shape memory alloy (SMA) spirals is a promising
technique for seismic retrofitting of reinforced concrete
columns that lack flexural ductility [12]. Test results by
Jung et al., 2018 show that SMA confinement is highly
effective in mitigating the seismic damage and improving
the seismic performance of retrofitted RC columns,
subjected to strong earthquakes [13]. The analyses by
Cortés-Puentes & Palermo, 2017 showed that the SMA
braces can improve the lateral strength capacity, energy
dissipation, and re-centering of reinforced concrete shear
walls, while reducing strength and stiffness degradation
associated with shear-related damage [14]. Elbahy, 2019
investigated the seismic performance of RC frames
retrofitted using external superelastic SMA bars and
compared to the behaviour of a regular steel RC frame
structure. Analysis results show improved seismic
performance for the retrofitted frames as compared to the
original steel RC frame. This improvement was
represented by lower level of damage at the same
earthquake intensity and increased seismic capacity [15].

In this study, the effectiveness of shape memory alloys
as longitudinal bars to improve the flexural performance of
reinforced concrete beams and columns has been
investigated. For this purpose, the performance of
reinforced concrete frames with columns equipped with
shape memory alloys and conventional ones has been
evaluated.

2. Shape Memory Alloys

In general, two distinct behaviors can be defined for
shape memory materials:

e Shape memory effect: When these materials

are in the Martensite state, after applying stress

and reaching a nonlinear state and creating
residual strain by unloading, the residual strain
of the material can be eliminated by applying
temperature and the material will return to its
original state [16].

e Superelastic behavior: Another important
property of these materials that has attracted
attention in civil engineering is superelastic
behavior. This means that a sample of shape
memory materials which is initially in the
austenite state, upon applying stress, is
converted to a less symmetrical Martensite
state with lower stiffness. This behavior will
cause nonlinear behavior. If the structure is
unloaded at this time, the structure will return
to the initial point in a path other than the
loading path and no residual strain will be
created [16].

3. Modeling

3.1. Structural Specifications

In this study, two 3- and 5-story buildings are modeled
with steel bars in the beam, and in order to compare the
performance, the columns of each of these buildings are
modeled separately with steel bars and with SMA bars. The
specifications of the buildings are as follows:

Each building has four spans in the X direction and three
spans in the Y direction. The length of all spans is 5 meters
and the height of the floors is 2.3 meters. The lateral load-
bearing system of the building is a reinforced concrete
frame. The connection of the column feet to the foundation
is modeled as a bracket and the foundation of the structure
is assumed to be rigid. The P-A effect is considered for the
columns. The dead load applied to the floor of the floors is
550 kg/m? and the live load applied is 200 kg/m?2. The
nodes at each floor level are interconnected in such a way
that they can represent the behavior of a rigid roof.
Concrete with a strength of 25 MPa has been used. The
yield strength of steel bars and SMA bars has been
considered to be 400 MPa. The modeling and cross-
sectional characteristics of columns in the 3-story and 5-
story frames are presented in Figure and Table 1.

The period of rotation obtained from 3- and 5-story
frames in two cases including steel rebar and SMA rebar is
presented in Table 2.

3.2. Selection of accelerograms and their scaling

Using nonlinear time history analysis in the OPENSEES
software, the response of the structure is obtained as a
function of time during the seismic event. To perform such
an analysis, the nonlinear behavior of the materials is
modeled and the accelerogram is defined.

2024-vol6(4)-p 1-8
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Figure 1: Modeling frame view
Table 1
Column cross-section specifications in 3- and 5-story frames
3-Storey 5-Storey
Frame b h Beams reinforced with Frame b h Beams reinforced with
sections (mm) (mm) steel bars sections (mm) (mm) steel bars
ps ps pS ps
S1 400 400 1.37 151 450 450 1.59 1.73
S2 350 350 1.15 1.35 450 450 1.00 1.00
S3 350 350 1.59 1.66 400 400 1.00 1.00
M1 400 400 1.39 157 400 400 1.00 1.00
M2 350 350 1.33 1.47 400 400 1.10 1.06
M3 350 350 1.00 1.09 450 450 1.76 211
450 450 1.00 1.00
400 400 121 1.28
M4 400 400 1.00 1.00
400 400 1.00 1.00
Table 2
Period and frequency
Building 3 floors with 3 floors with 5 floors with 5 floors with
steel rebar SMA rebar steel rebar SMA rebar
Period 0.84 1.15 1.08

To select the accelerograms and determine their
characteristics and distance from the fault, is applied the set
of records classified in FEMA P695, which was presented
in 2009 under the title “Measurement of Building Seismic
Performance Factors”. For this study, seven near-fault
earthquake records are considered according to Table 3.

The soil type, fault type, and distance from the epicenter
for the near-fault accelerometer set are as follows. The
selected earthquakes are related to soil type D according to
the NEHRP standard. In the time history analysis method,
the structural analysis is performed by giving the effect of
ground acceleration as a function of time, at the base level
of the building, and using conventional structural dynamics
calculations. To achieve this goal, it is necessary to select
at least three pairs of accelerometers belonging to the
horizontal components of three different earthquakes
recorded to satisfy the design earthquake conditions and in
which the magnitude, distance from the fault, and the
mechanism of the seismic source are considered.

3.3. Validation
Nakashoji et al. in 2014 tested a reinforced concrete

column with a circular cross-section and a scale of one-
third. The column diameter and height was selected 457

mm and 1.57 m, respectively. Sixteen SMA bars with a
diameter of 13 mm were used for longitudinal
reinforcement. Concrete with a strength of 47.5 MPa was
used in this test [17].

Table 3
Earthquake name and station for the set of near-fault accelerograms
1D NO. Earthquake
M Year Name
1 71 1999 Duzce
2 6.8 1990 Gazli
3 6.5 1979 Imperial
4 6.8 1985 Nahanni
5 6.9 1989 Loma
6 7.0 1992 Cape
7 6.7 1994 Northridge

Numerical modeling was performed in the OPENSEES
software. In concrete modeling, nonlinear behavior of
materials was considered. The well-known Kent & Park
model was used to define the behavior curve of uniaxial
concrete. The relationship of this model is as follows:

= [z (B - (5 6
Ie = fe X [2 (sc’) (sc’) ]
In this relation, o, and &, are the compressive stress and
strain, respectively, f; and &; are the compressive strength

of the unconfined concrete cylindrical specimen and its
corresponding strain, respectively.
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In Figure 3, the base-drift shear curve obtained from the
experiment is plotted next to the base-drift shear curve
obtained from the OPENSEES model. According to the
curves in Figure 3, the OPENSEES model was able to
simulate the behavior of the reference specimen in an
acceptable manner. The stiffness (initial slope) of both
graphs coincided and the strength of the finite element
model was able to predict the strength of the reference
model with a difference of less than 5%.
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Figure 2: Column cross-section characteristics
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Figure 3: Base shear-drift curve obtained from the experiment next to
the base shear-drift curve obtained from the OPENSEES model
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4. Time history analysis
4.1. Three-story building

Time history analysis of the three-story model was
performed in two cases of steel rebar and alloy rebar using
seven different earthquake records. In Figure 4, the time
history curve related to the base shear and roof floor
displacement of the three-story frame under the effect of a
two-three earthquake is plotted. The green graph is for the
frame with steel rebars and the blue graph is for the frame
with SMA rebars in the column.

According to Figure 4, the maximum base shear applied
to steel bars is greater than that of SMA bars and the
maximum displacements are not much different between
the two types of bars. In Figure 5, the lateral displacement
curve of the floors (drift) in a three-story building with a
column with steel bars and SMA bars under the effect of a
two-magnitude earthquake is plotted next to each other.
According to the obtained graphs, the maximum drift in
both structures is similar to each other and the overall
behavior of the two structures is not much different.
However, the permanent drift of the structure with SMA
bars is less compared to the structure with steel bars.

The maximum rotation of beams and columns at
different floors of a three-story frame is plotted in Figure 6
(@) and (b), respectively. The blue graph is for the frame
with steel rebar in the column and the orange graph is for
the frame with SMA rebar in the column.

1
5 10 15 20 25 20 .1 40
Time [sec]

Figure 4: Three-story frame under the influence of Duzce earthquake (a) Base shear (b) Roof displacement
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Figure 5: Drift curve of floors in a three-story building with a column with steel rebar and SMA rebar
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Figure 6: Maximum rotation at different floors (average of seven records) (a) Beam rotation (b) Column rotation

According to figure 6, the use of SMA rebar has reduced
the rotation of beams and the use of SMA rebar has
increased the rotation of columns.

4.2. Five-story building

In Figure 7-9, the time history curve of the base shear of
the five-story frame under the effects of the Duzce,
Northridge, and Imperial earthquakes is plotted and the
difference in the performance of steel rebar and SMA in
these three types of earthquakes is clearer. As shown in the
figure, the maximum base shear applied to steel rebar is
higher.

Figure 10(a) and (b) show the time history curves of the
roof displacement of the five-story frame under the
Northridge and Imperial earthquakes, respectively. The

steel-reinforced column (green curve) has undergone
permanent displacement and its final displacement is not
zero and in fact the building has not returned to its original
state. But, the building with the SMA-reinforced column
has returned to its original state.

Figure 11 shows the lateral displacement curve of the
floors (drift) in the five-story building with the steel-
reinforced column and the SMA-reinforced column under
the Imperial earthquake. According to the obtained graphs,
the maximum drift in both structures is similar to each
other and the overall behavior of the two structures is not
much different, but the permanent drift of the structure with
the SMA-reinforced has decreased sharply and the
structure has returned to its original state, while the
permanent drift has occurred in the steel-reinforced
structure.
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Figure 10- Roof displacement (a) Northridge earthquake (b) Imperial earthquake
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Figure 12- Maximum rotation at different floors (average of seven records) (a) Beam rotation (b) Column rotation

The maximum rotation of beams and columns in
different floors of the five-story frame are plotted in Figure
12 (a) and (b), respectively. According to this figure, the
use of SMA rebar has reduced the rotation of beams and
increased the rotation of columns.

5. Investigation of the effect of the ratio of shape
memory alloy

In order to investigate the effect of the ratio of shape
memory alloy, a 5-story frame with an average rebar ratio
of 1.4% and 2.1% for columns was analyzed using
pushover analysis and the deformation of beams and
columns in these two cases was compared. According to
Figure 13, the maximum frame capacity in the model with
an average rebar ratio of 2.1% was obtained as 770 kN,
which shows a 15% increase compared to the model with
an average rebar ratio of 1.4%. According to Figure 14, in
the model with an average rebar ratio of 2.1%, a slight

increase in the rotation of beams and a slight decrease in
the rotation of columns occurred.

6. Conclusion

This study investigates the performance of reinforced
concrete buildings with SMA bars in columns under near-
fault earthquakes. For this purpose, two three-story and
five-story buildings were considered. These buildings were
analyzed once using steel bars and once using SMA bars in
seven near-fault accelerograms. The following results is
obtained:

e The performance of SMA bars did not differ
significantly compared to steel bars in
reducing the maximum displacements of the
structure and their effectiveness was almost
similar. However, the use of SMA bars has
greatly reduced the permanent deformation of
the structure.
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e In frames with SMA bars in columns, the
maximum rotational deformation of the
columns was greater than that of frames with
steel bars. However, SMA bars have greatly
reduced the permanent rotational deformation
of the columns and brought them to zero.

e The maximum lateral displacement or
maximum drift of the floors in frames with
SMA bars has slightly increased. However, the
permanent drift of the structure in frames with
SMA reinforcement is greatly reduced. This is
due to the elastic recovery of strain in SMA
materials, which reduces the permanent
deformation of the structure.
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ABSTRACT

ARTICLE INFO

In this review paper, the applications of machine learning, computational methods, and
robotics to bridge design are considered to help improve structure integrity and resilience. It
describes a variety of computational methods, including finite element analysis (FEA) and
computational fluid dynamics (CFD), that have been used to calculate failure modes and
evaluate the dynamic behavior of bridge structures in extreme conditions, such as
earthquakes and floods. It also highlights robotics’ potential to streamline inspection
techniques, showing new robotic systems for effective bridge monitoring. Additionally, it
points out issues related to data shortages and implementation difficulty and presents future
research priorities, such as the need for powerful machine learning algorithms and the use
of Internet of Things (loT) solutions for real-time monitoring. In summary, the paper
highlights the life-changing impact of these technologies on the safety and reliability of
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1. Introduction

Machine learning, computation, and robotics combined
have revolutionized so many disciplines that bridge
engineering does not have any place. In recent years, these
technologies have increasingly been used to design,
monitor, service, and inspect bridges. Machine learning is
a subset of artificial intelligence (Al), and it uses
algorithms that can look at enormous data sets, learn from
them, and make inferences or decisions based on them [1].
With this feature, engineers can measure structural health

* Corresponding author. Tel.: +1 (630) 341-7082; e-mail: pkoul2.iit@gmail.com.

with greater precision and accuracy, which increases the
life-cycle safety of bridges.

Computational tools such as numerical simulations and
optimization techniques are used to develop and analyze
bridge systems. They allow engineers to simulate advanced
behaviors with multiple load loads and make better design
decisions [2]. Combining computing hardware with
machine learning algorithms, engineers can produce
predictive maintenance algorithms to increase the service
life of bridges at reduced costs and operating times [3].

The history of bridge engineering is shaped by robotics,
too. Thanks to the use of robotics, automation has become
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possible for automatic inspection in real time and early
detection of any potential problems in bridge structures [4].
These robots could even do something dangerous or
challenging for human inspectors, like navigating narrow
hallways or performing inspections in severe weather.

The combination of machine learning, robotics, and
computation improves the quality of bridge tests as well as
reduces administrative work in the engineering industry
[5]. Keeping pace with this interdisciplinary process, the
new best practice in bridge engineering will be safer, more
effective, and more predictive. Thus, an exhaustive review
of applications, limitations, and future challenges of these
technologies in bridge engineering is needed.

Overall, combining machine learning, computational
techniques, and robotics in bridge engineering is a
revolutionary step toward better design, repair, and
management of bridge infrastructure and is therefore an
emerging field of research and application [6].

2. Applications of Machine Learning in Bridge
Engineering

Structural Health Assessment: Machine learning
algorithms are used to use the real-time data from bridge
sensors to monitor the bridge’s health and integrity. This
way it can be used to catch problems before they become
more severe.

Bridge Inspection and Condition Forecast: Machine
learning algorithms are used to optimize bridge inspection
and condition forecast models. By considering historical
inspection data, these algorithms will predict possible
future states, saving time on maintenance and money.

Reinforced Concrete (RC) Bridge Design and
Inspection: Machine learning technology is applied in RC
bridge design and inspection. These procedures help in
resilient design decisions and accurate inspections [7].

Wind Engineering: Machine learning models in bridge
wind engineering are used to model the impact of wind
loads on bridges. It is an application that is very important
for keeping bridges safe and stable in the face of changing
wind conditions.

Load Capacity Rating: Decision trees and random
forests are used to rank bridge populations on their load
capacity. This application optimizes the usage by giving
reliable estimations of current bridges’ load-bearing
capacity.

Time Series Prediction: Machine learning is used to
implement time series prediction methods in coastal bridge
engineering to be proactive based on time-series trends [8].

Bridge Pier Scour Prediction: Machine learning tools
can help in scour around bridge piers by going through all
models’ reviews. This information is essential for keeping

bridge foundations in excellent shape and avoiding
catastrophic erosion failure [9].

Monitoring Technology Selection: Use case of concrete
and steel bridge structural health monitoring (SHM) using
machine learning infers monitoring technologies. This
technique of tuning gives accurate data collection and
analysis for structural evaluation.

3. Applications of Computational Methods in Bridge
Engineering

Computational tools like FEA and CFD play an
important role in bridge design in terms of design cost,
safety, and performance. Below are some of the primary
uses of these techniques:

3.1. Applications of FEA in Bridge Engineering

FEA is also very widely used in bridge design as it can
simulate sophisticated geometries and behavior of
materials under different loads. Key applications include:

e  Structural Design: FEA permits you to model
bridge structures in detail to determine the
response to dead, live, wind, and seismic loads.
This facilitates discovering stress points and
failure modes.

e Design Optimization: FEA can be used to
optimize bridge designs through material and
geometry selections in order to obtain the most
cost-effective structure meeting safety and
performance standards at a minimal material
usage and cost [10].

e Preliminary Evaluation of Existing Bridges:
FEA plays an important role in evaluating
existing bridges for structural integrity.
Engineers can mimic the condition and stress
and then suggest reinforcement or repair where
needed [11].

e Construction Simulation: FEA can simulate
the building of the bridge to enable engineers
to predict how different ways or sequences of
construction might affect its performance [12].

3.2. Applications of CFD in Bridge Engineering

CFD is required to determine the flow behavior around
bridges. Key applications include:

e Wind Load Simulation: CFD is used to
evaluate the impact of wind on bridge stability
and performance. Simulating wind over bridge
models  will help designers discover
aerodynamic properties and design bridges to
deal with the heaviest wind [13].
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Hydrodynamic Impact: For bridges over the
ocean, CFD helps in modeling the
hydrodynamic effects of waves and currents so
that the bridge can resist these environmental
stresses [14].

Scour Analysis: The scour around the piers and
foundations of bridges, driven by the flow of
water, can be calculated using CFD, important
for the bridge’s stability.

Thermal Impacts: CFD can also simulate the
thermal impacts of materials on bridges based
on environmental factors and help determine
potential expansion and contraction problems
that can weaken the structure.

4. Applications of Robotics in Bridge Engineering

For bridge engineering, robots contribute to the increase
of productivity, safety, and precision in many activities.
Below are the major robotic applications in this context.

Bridge Deck Construction: Robots are used to
automate the construction of bridge decks,
with more accuracy and a shorter time to build
[15].

Testing and Inspection: The bridges are now
increasingly tested and inspected by robots,
which provide non-destructive testing methods
that can evaluate structural integrity without
destroying it [16].

SHM: Intelligent robotic devices perform the
continuous SHM and provide instantaneous
data and information about the functioning and
state of bridges [17].

Bridge Automation: Roadside robots enable
bridge automated inspections with much faster
and more accurate assessments compared to
the manual method [18].

Inspection data collection: Robotic technology
is providing better data collection solutions in
robot bridge inspections to perform more
effective and detailed analysis [19].

Robust Robot Selection for Restoration:
Genetic algorithms are employed to choose
robotics best suited for restoration of bridges
and provide optimal robotic solutions
according to requirements [20].
Non-destructive Inspection: Robot platforms
armed with the best sensors and algorithms
perform non-destructive inspection of bridges
that allows thorough inspection without
degrading the structure [21].

Cable Inspection Robots: Cable-stayed bridge
inspection robots can also monitor the critical
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elements, such as cables, and lead to an
increase in maintenance operations [22].
Smart Material Adoption: Robotics, along with
smart materials, are emerging as major parts of
construction  engineering, enabling new
designs and construction of bridges [23].

5. Industrial Case Studies for the Application of
Machine Learning, Computational Techniques and
Robotics in Bridge Engineering

5.1. Applications of Machine Learning in Bridge
Engineering

Machine learning has been used in various ways to
improve bridge engineering performance, stability, and

safety.

AMC Bridge: It offers software development
solutions like machine learning solutions in
bridge design. They use Al to simplify
operations and process quality, allowing them
to get the most out of data and optimize
engineering processes [24].

Rowan CREATES: They are exploring
machine learning methods for structural health
assessment of bridge infrastructure in highly
seismically active areas. This program seeks to
enhance the resilience of bridge constructions
through rapid decision support tools that use
predictive analytics [25].

Imetrum and  University of  Exeter
Collaboration: a project that creates a new
technology for long-term bridge condition
monitoring via machine learning. The
technology also has intelligent features that
automatically interpret data, report problems,
and predict potential issues of condition in the
future, thus saving on maintenance expenses
and improving safety [26].

5.2. Applications of Computational Techniques like FEA
and CFD in Bridge Engineering

The computational methods of FEA and CFD are used
to analyze and optimize bridge designs for safety and

efficiency.
[ ]
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DH Glabe & Associates: DH Glabe &
Associates apply FEA to the structural analysis
of bridges. Their engineers compute
complicated bridge structures for load-bearing
conditions such as wind and earthquakes using
sophisticated software such as LUSAS [27].
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Fig. 1. Articles reviewed (2019-2024) for applications of machine
learning, computational techniques and robotics in bridge engineering.

e Predictive Engineering: They are quite
proficient in using FEA for bridges and other
projects. They consider the stress, vibration,
and fatigue effects needed to prevent or
prolong the life of bridges [28].

o Resolved Analytics: This company uses CFD
modeling to model scour and erosion at
bridges. As they model fluid dynamics, they
can predict erosion that could compromise
bridge foundations to enhance design and
maintenance plans [29].

5.3. Applications of Robotics in Bridge Engineering

This trend of using robots to improve productivity,
tackle labor issues, and make bridge construction safer
continues.

e Advanced Construction Robotics: They’ve
created TyBot, a robot for rebar tiedown in
bridge construction. TyBot ties up to 1,000
intersections per hour, which is an impressive
savings in labor and keeps workers away from
dangerous situations at the site [30, 31].

e Autodesk and USC Collaboration: Autodesk
collaborated with USC during the Arroyo
Pedestrian Bridge Project in Los Angeles,
which involved using a robotic arm to raise and
install special steel girders for welding. Such
cooperation among human and robot hands
simplified the manufacturing of this complex
design.

e MX3D: A Dutch firm that’s innovating with
3D printing of bridges. They built a 3D-printed
steel bridge by industrial robots, which
demonstrates new construction technologies
and will contribute to sustainability through
reduced material waste [32].

6. Literature Review on Applications of Machine
Learning, Computational Techniques and Robotics in
Bridge Engineering

The number of articles covered for the applications of
machine learning, computational techniques and robotics
in bridge engineering in this review are shown in Figure 1
from 2019 through 2024.

6.1. Leveraging Machine Learning for Optimized Bridge
Design, Adaptive Smart Infrastructure, and Predictive
Maintenance in Dynamic Environmental Conditions

Table 1 below shows a quantitative distribution by
publisher of the number of articles related to machine

learning advancements in bridge engineering.
Table 1
Number of articles from different publishers reviewed for
advancements of machine learning in bridge engineering

Number of

Publisher Articles Reviewed

Springer

Elsevier

IEEE

MDPI

SPIE

ASCE

I0P Publishing

Sage Journals

Structurae

Wiley

Zenodo

Total 21

Mathern et al. (2019) designed a model using Al and
machine learning to design bridges that are sustainable and
buildable to accelerate structural decision-making and
improve the environmental impacts through fast design
evaluation [33]. In contrast, Pan et al. (2020) focused on
conditional infrastructure  evaluation of massive
infrastructure such as high bridges with deep learning and
specifically convolutional neural networks (CNNs). This
research used satellite images to improve the feature
extraction for safety analysis and showed that Al could be
applied to continuous spatial and temporal infrastructure
health monitoring [34]. Moon et al. (2020) used recurrent
neural networks (RNNs) and active learning to extract
damage objects from inspection reports for bridges, using
Named Entity Recognition (NER) to automated extraction
of entities caused by damage. Such automation enabled
more reliable and timely maintenance programs that made
structural integrity calculations more accurate [35].
Xu et al. (2021) covered all the machine learning use

cases in construction, from shallow to deep learning. They
showed how site monitoring, automatic structural defect

(8]
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detection, and predictive maintenance can make
construction and infrastructure work safer, more efficient,
and more structurally sound [36]. Nguyen (2021) was
interested in material evaluation on bridge spans by using
a data-driven method with a new viscosity resistance
coefficient (IC), deep learning, and balancing composite
motion optimization (BCMO) to investigate material
performance and safety in bridges in Ho Chi Minh City. It
was shown that IC values calculated from real-time
vibration data could be used as an indicator for long-term
structural monitoring [37]. Meanwhile, Moon et al. (2021)
used artificial neural networks (ANN) to estimate dynamic
displacements in bridges during heavy traffic. They used
the correlated measured strains with displacement data to
confirm the performance of the ANN model in predicting
structural responses to loads in real time, enabling more
responsive smart bridges [38].

The paper by Wang et al. (2022) used a gray neural
network for designing recycled concrete bridges with
sustainability and recycling in mind by making predictions
of durability. In this study, we observed that the Al
algorithm improved construction control by predicting the
longevity of recycled concrete bridges to encourage green
bridge design [39]. Meanwhile, Kumar et al. (2022) built a
modified CNN for bridge condition measurement using a
large dataset from the National Bridge Inventory. Their
model with the Firefly algorithm to improve feature
selection, predictability of 97.49%, which was a high
improvement over the regular CNN model, showed that
machine learning can be applied to adaptive infrastructure
monitoring without physical inspection [40]. In contrast,
Entezami et al. (2022) implemented a three-stage machine
learning system for SHM for damage detection in
environmental uncertainty with very limited sensor
information. Using autoregressive spectra, log-spectral
distance, and auto-associative neural networks (AANN),
they controlled for environmental perturbations and
performed accurate damage quantification on rarely seen
structures [41].

The article by Zhou et al. (2022) concerned creating
maintenance policies with the best possible policy by
modeling bridge component degradation. This method
used Q-learning algorithms coupled with matrix updates in
real time and was verified by simulating a simple supported
beam bridge and a cable-stayed bridge—far superior to the
existing methods in making dynamic decisions on larger
bridge designs [42]. Dolui et al. (2023) used machine
learning classifiers—one such being a decision tree—to
compute  bridge health  from  galfenol-based
magnetostrictive sensors. With structural vibration
converted to electrical signals with an accuracy of 98.72%,
this technique showed the effectiveness of connecting
sensor data with machine learning to give an accurate, live
structural health report [43]. Giglioni et al. (2023) took the

lack of labeled data for damage detection and applied
domain adaptation within a transfer learning framework.
This approach relied on vibration measurements and
damage features by domain to pass health-state labels from
one structure to the next, proven by testing it on the Z24
and S101 bridges, and was suitable for sparse data [44].

Xie et al. (2023): machine learning applied for severe
wind conditions to construction of fast railway bridges over
typhoon zones with safety and proactive action via the
Back Propagation-Genetic Algorithm model for wind
speed prediction. This model was practical as it related
actual wind measurements to predefined standards and so
supported adaptive building practices [45]. Meanwhile,
Ghafoori et al. (2023) leveraged historical bridge condition
information using a machine learning framework for
bridge maintenance optimization. They modeled
degradation through random forests and linear
programming to forecast it, prioritize maintenance
resources, and deliver maximum infrastructure
performance under budget constraints [46]. In contrast, Tai
et al. (2023) focused on the economic cost minimization of
stochastic optimization algorithms for cable-stayed bridge
designs. They proposed two stochastic conjugate gradient
algorithms—Modified Armijo and Modified Weak Wolfe-
Powell line search algorithms—which improved global
convergence and robustness in minimizing construction
cost under uncertainty [47].

Zhang et al. (2024) addressed wind-bridge dynamics
and applied machine learning for wind field simulation and
aerodynamic control to refine insights on wind-induced
bridge vibrations and make design responses to changing
winds more responsive. Similarly, Nguyen et al. (2024)
using ANN and adaptive neuro-fuzzy inference systems
(ANFIS) for SHM of Dbica railway bridge produced
predictive precision (up to 85%) in diagnosis of dynamic
bridge behavior, thus improving maintenance practices and
lowering failure probability [48]. Bai et al. (2024), by
contrast, focused on the conceptual design of bridges,
automating beam type choice with graph neural networks
(GNNs) via AutoDis Graph Ontology Attention Matching
(AGOAM). This change dramatically accelerated and
optimized design choices by mapping attribute interactions
to structural demands, a revolution in automated, scalable
conceptual design [49].

Yang, Wang, and Nassif (2024) studied the
environmental causes of bridge decay by applying
XGBoost to condition predictions of RC bridge decks and
identified age, freeze-thaw cycles, and rain as major factors
contributing to decay. Their result confirmed that feature
weighting supports efficient resource allocation for
predictive maintenance [50]. In contrast, Gunderia et al.
(2024) were focused on sustainable predictive maintenance
with different Al-based models such as ANN and CNN.
They suggested a combined ANN, CNN and life cycle
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assessment-based integrated model for maintenance best
practices based on sustainability in prediction [51].
Giglioni et al. (2024) adapted transfer learning as a domain
adapter to enhance damage classification and generalized
machine learning algorithms from well-labeled data to
unlabeled data over bridge networks. This was proven to
work on prototype bridges, improving damage
classification and compute speed of SHM with inadequate
labeled data [52].

6.2. Leveraging Computational Techniques like FEA and
CFD in Bridge Engineering: Predicting Failure Modes
and Enhancing Structural Integrity for Long-Lasting
Resilience

Table 2 presents the number of articles reviewed for
computational techniques’ advancements in bridge

engineering, by publisher.
Table 2
Number of articles from different publishers reviewed for
advancements of computational techniques in bridge engineering

Number of

Publisher Articles Reviewed

I0P Publishing

MDPI

ASCE

Elsevier

Springer

Copernicus Meetings

IJIREM

Sage Journals

Sciendo

Structurae

Taylor & Francis

TU Delft Open Publishing

University of Toledo

Total 21

In the study by El-Ghandour and Foster (2019), FEA

and Multibody Systems Dynamics (MSD) were combined
to explain the bridge approach problem in railroad systems,
that is, the detrimental effects of abrupt stiffness changes
at bridge entrances. They found that installing an inclined
concrete slab greatly reduced stress and vertical
deformations, making railroads safer and more durable
[53]. In contrast, Izvekov et al. (2020) focused on a
metallurgical crane’s girder using FEA to detect the zones
of failure at static loads. Their probabilistic model
elucidated important risks for the integrity of the girder,
which was a precursor to appropriate reinforcement,
pointing towards the necessity of continuous maintenance
to extend service life [54]. Sharma and Guner (2020) were
pioneers of this field when they proposed a nonlinear FEA
approach for the strength analysis of deep bridge bent caps
that are typically placed under loads beyond their design
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limits. Their findings showed more accurate prediction of
cracking and modes of failure than the older approaches,
which gave bridge engineers a strong basis for measuring
deep concrete components [55].

Liu et al. (2021) devised a coupled CFD-FEM
simulation technique for bridge fire performance and
showed how previous tests had often missed the dynamic
interactions between heat and structure. Their study
showed that the coupled method accurately predicted
vulnerability under fire conditions—and hence safety
studies and design guidelines for bridges that are
vulnerable to fire [56]. Sengsri and Kaewunruen (2021)
tested the local failure modes and critical buckling loads of
a meta-functional auxetic sandwich core for composite
bridge bearings. They used three-dimensional finite
element models, which they verified using experimental
results, and they showed that the novel auxetic design led
to a major increase in crashworthiness and structural
strength through local buckling failures that could occur
before yielding when compressed [57]. Ko (2021) looked
at the seismic behavior of RC single-column bridge bents
under near-fault ground movement. By using nonlinear
fiber finite element models without bond-slip effect, Ko’s
study accurately predicted the modes of failure; modeling
without it could overestimate the strength of structures
[58].

Zhu and Wu Tian (2022) applied CFD to the main girder
of cable-stayed bridges to study vortex-induced vibrations
(VIV). Their numerical models, derived using a
bidirectional fluid-structure coupling process, had shown
the importance of wind loads on bridge safety in
construction and operation by modeling the vortex
vibration behavior of the main girder [59]. Parallax-style,
Yoneda et al. (2022) focused on a 3D finite-element
modeling generation system with data processing platform
(DPP) for fatigue evaluation of reinforced concrete
bridges. Their results showed the DPP can be used to
improve the structural model’s predictive power under
various stress conditions, resulting in a more accurate and
effective modeling of real bridge structures compared with
conventional modeling [60]. Meanwhile, Tang et al. (2022)
carried out a reliability-based vulnerability study of bridge
piers damaged by debris flow using FEA to simulate fluid-
solid effects. Their study—through a finite element model
and impact forces using a two-phase flow theory, distilled
into an easy-to-understand 2D model—determined critical
velocity and failure modes of bridge piers in debris flows
and helped provide safer infrastructures [61].

Quan et al. (2022) conducted a comprehensive study of
the seismic mitigation of a long-travel high-speed railway
continuous beam bridge by using FEA to model the
behavior of the bridge under earthquake loads with viscous
dampers as an essential design element. They discovered
that the dampers acted as good absorbers, with damping
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rates up to 81% on some seismic waves, which enhanced
structural stability and dynamic response [62]. Duan and
Tao (2023), meanwhile, considered flood resilience using
both CFD and Fluid-Structure Interaction (FSI) modeling
to analyze flood damage to bridge piers and came up with
the best design for piers in flood areas. Their parametric
analysis found that wave height and speed were critical
parameters that determined structural integrity, which is
important for the infrastructure resilience to floods [63].
Similarly, Fleit et al. (2023) studied flows and local scour
in a multiphase hydro- and morpho-dynamic numerical
model (REEF3D) of submerged bridge decks. They made
it clear that the transport of sediment was a significant
factor and backed up their model with experimental
evidence, highlighting the challenge of modeling scouring
[64].

Kaushal et al. (2023) dynamically simulated bridge
geometry with ANSYS FEA and observed natural
frequencies and mode forms that highlighted zones at high
deformation and potential resonance. Their result called for
the development of damping and vibration damping
controls for long-term stability [65]. In contrast,
Malekghaini et al. (2023) used Bayesian model updating to
bridge FEA and data from the real world to identify
damage in bridges using a robust model validated on
synthetic data and adapted to the real structure. Their
findings showed that the framework was useful in
determining damage, and so SHM systems became
dramatically better [66]. Meanwhile, Dong et al. (2023)
focused on the seismic failures of river-spanning girder
bridges in the presence of soil liquefaction. Their two-
dimensional finite element model revealed that soil
liquefaction influenced the response to an earthquake with
increased displacements and deformation of important
elements, which increased the risk of bridge collapse
during a seismic event [67].

Zhu et al. (2024) did a detailed CFD simulation to
quantify aerodynamic forces on tall cars crossing the
Queensferry Crossing Bridge in different wind loads. The
truck’s ability to withstand aerodynamic instability, they
discovered, was particularly at risk, and hence vehicle
dynamics must be taken into account in bridge design to
maximize safety [68]. In contrast, Petruccelli et al. (2024)
dealt with the hydrodynamic loads acting on bridges in
flood events and used CFD to calculate stress conditions
and carrying capacity. Their simulations offered important
details on drag and lift coefficients for several different
submergence scenarios that were used to devise strategies
for strengthening bridges against floods [69]. Han and
Wang (2024) used FEA to explore failure modes of rock
slopes around bridge anchorage foundation pits. They
combined limit equilibrium and finite difference
techniques to discover major causes of slope failure, such

as rain and earthquakes, providing an overview of slope
mechanics in vulnerability geological systems [70].

Fusco et al. (2024) were focused on an efficient beam
finite element model of the nonlinear structure of existing
prestressed RC bridges. They applied a damage-plasticity
model on OpenSees, and they showed how their model
saves computing time without sacrificing accuracy during
inspections [71]. Jia et al. (2024) examined seismic faulting
for a simple-supported beam bridge by modeling it using a
three-dimensional FEA model in LS-DYNA under real-
world conditions. The key variables they found, for
example, fault-crossing angle and ground surface
permanent rupture displacement, indicated that the position
of the bridge in relation to seismic faults had a significant
effect on stability [72]. Zhu et al. (2024) investigated the
dynamic response of a cable-stayed pipe bridge in seismic
loading using a large-scale FEA simulation in ANSYS
Workbench, including fluid-structure dynamics. They
showed that the FSI approach is more successful at
modeling the dynamic behavior of the bridge [73].

6.3. Enhancing Bridge Safety: The Role of Robotics in
Inspection Engineering

Table 3 presents the number of articles reviewed for
robotics’ advancements in bridge engineering, by different

publishers.

Table 3

Number of articles from different publishers reviewed for
advancements of robotics in bridge engineering

Number of Articles
Publisher Reviewed
IEEE 9
ASCE
Emerald
MDPI
arXiv (Cornell University)
ASNT
Intelligence  Science and
Technology Press Inc.
SPIE
Springer
Wiley
Total 21
Charron et al. (2019) addressed accessibility and data
collection by using mobile ground and air robots. These
results showed more direct access to difficult-to-access
locations and more consistent data, and consequently,
bridge inspections became more efficient than before.
Potenza et al. (2020) developed a novel technique using
unmanned aerial vehicles (UAVs) with new image
processing methods. This method was able to quantify
defects and shows that automated inspection and defect
classification are much improved. The results showed the
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method was robust, in particular when it came to finding
repeatable flaws in the infrastructure of the Italian railway
network [74]. Wang et al. (2020) scanned steel box girders
using a deep learning computer vision tool. It had a
predictive accuracy rate of more than 90% in detecting
structural decay, which indicates the potential of deep
learning in bridge inspections [75].

Yan et al. (2021) talked about UAV automated bridge
detection, a new path planning algorithm for UAV flight
paths optimized to move through more challenging
environments, such as pier jams. Their simulations showed
successful full-coverage detection of bridges, proving the
UAVs performance in infrastructure monitoring [76].
Gallegos Garrido and Sattar (2021), on the other hand, built
SIRCAUR, a self-assisted wall-climbing robot that
inspects RC buildings. They focused on improving
adhesion forces through simulation and experimental
testing so that the robot carried ground-penetrating radar
(GPR) for corrosion and concrete degradation detection.
These tests proved that the robot was capable of
performing accurate and safe inspections, and therefore
SHM became better [77]. Meanwhile, Lin et al. (2021)
studied using flying robots to do full bridge inspections,
automating the entire process of visual information
capture, 3D mapping, destructibility detection, analysis,
and reporting. They discovered that drones have
dramatically increased the inspection speed and quality of
data by picking up defects with high sensitivity and
avoiding human error [78].

Ahmed et al. (2022) presented a bicycling robot
designed for maintenance on steel-reinforced bridges. The
sophisticated steel defect detection system was built using
deep learning techniques such as LinkNet and UNet. Their
study primarily focused on the robot’s strength in operating
through high-pressure steel buildings and showed
promising results in defect detection by fully testing its
visual sensor system [79]. In contrast, Zheng et al. (2022)
launched the CCRobot-1V, a climbing robot that climbs
over obstructions during cable inspections, which
improved operational safety substantially. It was built with
a quad-ducted propeller system so that the robot didn’t
need friction to run, carrying heavier loads while traversing
rough terrain. It passed its navigation and inspection tests
with success through experimental and field tests, which
also prove to be useful [80]. Similarly, Motley et al. (2022)
worked on a high-powered multi-steering climbing robot
with a novel adhesion mechanism and different steering
modes for greater control and stability while inspecting
steel bridges. The design of the robot was subsequently
proven, and they further showed how they could make
substantial improvements in inspection methods in the
industry [81].

Li et al. (2022) built a circularly rotating cable
inspection robot with elastic suspension that was able to

scale taller obstacles and ascend stable on vertical cables.
They showed their experiments were able to carry a 12.4
kg payload and maneuver through obstacles without any
harm to the robot, demonstrating its practical usage for
real-world inspection [82]. In contrast, Gong et al. (2023)
explored Building Information Modeling (BIM) and
robotic mapping to reduce risk in bridge construction.
Their study pointed out how critical it was to keep the
industry safe and even used Al-powered nanobots to
improve detection of hazards. Results suggested that the
integrated model resulted in stricter on-site safety
management solutions [83]. Meanwhile, Hoxha et al.
(2023) were focused on a robotic system for mapping
subsurface defects using impact-echo and GPR. They were
impressed by the speed of the dual-sensor method, which
collected data faster than expected and offered complete
evaluations of concrete buildings [84].

Gucunski et al. (2023) focused on condition evaluation
of RC bridges through nondestructive evaluation (NDE).
They found that robots can speed data collection and safety
for inspection employees, providing better measurements
of bridge status and less costly traffic delays during
inspections [85]. Alamdari and Ebrahimkhanlou (2023), on
the other hand, combined cameras and LiDAR cameras to
develop a novel method of crack detection that combined
high-resolution photographs and 3D point clouds. Their
results showed a better detection rate and faster data
acquisition, and in the end, a more detailed picture of
structural integrity than other approaches [86]. Popli et al.
(2023) created Robotics-Assisted Onsite Data Collection
(ROAD), a system that used deep learning to detect real-
time cracks. In their research, they demonstrated that
Xception was a better algorithm than others, with more
than 90% accuracy and validation of the system in a variety
of field conditions [87].

In the paper of Ade-Omowaye et al. (2024), they
explored the impact of robotics and automation on
engineering and made a literature review on the economic,
social, and ethical implications of these technologies for
the digital economy. Their results revealed the possibilities
of robotics to enhance the efficiency and safety of
engineering based on classic inspection issues [88]. In
contrast, Lyu et al. (2024) built a wall-climbing, heavy-
duty robot to inspect the concrete masonry of huge bridges.
They figured out a way to get a similar adsorption force
equation to maximize the capacity to carry load and then
ran some tests to confirm that the robot was working as it
should. The findings showed that this new design made
inspection much safer because it accesses hard-to-reach
areas without introducing the risks associated with manual
inspection [89]. Pham et al. (2024) designed a compact
analog magnetic sensing system for structural inspection of
steel bridges. Their test was to engineer synthetic cracks in
a steel test plate and then find that, coupled to robotic
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platforms, the sensor system allowed for the real-time
detection of multiple kinds of cracks. This progress further
improved the safety and maintenance of steel buildings
[90].

Choi et al. (2024) tried to optimize visual inspection
with a mixed reality system that used gaze tracking. It was
shown that inspectors could directly view holographic data
in real time, which improved the decision-making on
complex inspections with higher quality outcomes than
traditional techniques [91]. Pokhrel et al. (2024) sought to
automate concrete bridge deck inspections with UAS and
machine learning. This paper demonstrated CNNs and
Vision Transformers (ViTs) successfully to find damage
with 97% accuracy of the ViT model as compared to CNN.
This development made it clear that the combination of
UAS and machine learning could yield more accurate and
efficient inspections [92]. Finally, Bian et al. (2024)
analyzed all the robots currently used for cable inspections
and suggested a new non-destructive sensor. This
inspection machine that measured cable corrosion
efficiently used two data input modules to provide better
inspection precision and speed. The study showed that the
proposed device exceeded the limitations of the existing
techniques and provided a quicker and more accurate
measurement of the bridge cable state [93].

7. Challenges and Future Scope in Bridge Engineering

In this article, some problems and opportunities related
to applying machine learning, computing, and robotics in
bridge engineering are discussed. Here are the main ones:

7.1. Challenges

e Data Availability: One of the biggest bottlenecks
is that there is not enough labeled data to train
machine learning models on. This dearth can
interfere with the detection of damage and
maintenance predictive approaches, as in the
application of domain adaptation to counteract
this.

e Explicitness of Implementation: Integrating new
technology like robotics and machine learning in
the existing engineering process is tricky.
Engineers may struggle to translate old
methodologies to implement these new tools, and
the adoption rate might be slower.

e Cost and Ethical Issues: When it comes to
economic issues associated with the use of
robotics and automation in bridge inspection,
questions surrounding the cost, and the
elimination of human jobs arise. Questions about

ethics in the deployment of autonomous systems
in critical infrastructure also have to be settled.

e Environmental Issues: Dynamic environment
variables influence bridge dynamics and are an
obstacle to predictive maintenance models.
Weather conditions and other natural disasters
make it hard to calculate bridge status and how
efficiently repairs were done.

7.2. Future Scope

e  More Effective Machine Learning Models: We
can next look for stronger machine learning
models that can generalize to various bridge
types and conditions. That may involve
optimizing transfer learning to apply
observations of well-observed bridges to
assessments of under-observed buildings.

e Embedding of 10T and Real-Time Monitoring:
Bridge engineering in the near future may
more often include 10T technologies for real-
time monitoring. It would provide the data
collection and analysis continuously, more
early maintenance plans, and better safety
precautions.

e Robotics Development: As robotics develops
further, we can expect to see even more
advanced inspection systems that can do
difficult tasks autonomously. That might mean
creating drones and ground robots that can
work in harsh conditions and make accurate
diagnoses of bridge conditions.

e Environmental  Concerns: The  green
credentials are being paid more attention to in
bridge design. It can also be investigated in
future research to apply machine learning and
computations to the optimal maintenance
regimes that extend the life of bridges and are
sustainable

8. Conclusion

The review paper titled Machine learning, computation,
and robotics for bridge engineering provides a detailed
description of how these technologies can significantly
advance the discipline. The use of machine learning and
computational tools, such as FEA and CFD, has been vital
to determining the structural behavior and modes of failure
of bridges. These techniques allow for more accurate
assessments of structural integrity and resilience in diverse
environments. This is highlighted as an industry-leading
innovation that increases safety and effectiveness when
performing bridge inspections by robots. Robots will get
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into difficult places, eliminating the risks associated with
manual inspections and facilitating accurate assessments of
bridge conditions. These results point to the necessity of
constructing bridge structures with greater durability in
dynamic conditions such as earthquakes and flooding.
With the use of advanced modeling, engineers can
visualize bridge vulnerabilities and develop effective
reinforcements. This paper emphasizes the need to
continue exploring and developing them to adapt to
changing engineering issues. Together, the use of these
technologies enhances current practices and also prepares
the ground for future innovations in bridge design. Finally,
the review recommends a multidisciplinary approach that
leverages machine learning, computation, and robotics to
design safer, more efficient, and more durable bridges.
This bundled approach is vital for resolving the nuances of
the needs of contemporary infrastructure in the long term.
Overall, the paper clearly demonstrates how these novel
technologies can transform bridge engineering and deliver
safer and more resilient infrastructure.
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ABSTRACT

Recycled glass waste is one of the most attractive waste materials that can be used to create
a concrete mix. Therefore, researchers focus on the production of concrete using recycled
glass as an abrasive or as a pozzolanic material, but the use of recycled glass in the form of
coarser particles to replace sand in concrete increases the alkali-silica reaction and this
causes Unfavorable performance in the mechanical properties of concrete. To prevent this,
micro silica is used to improve the strength and mechanical properties of concrete .In this
research, after building the control mixing design, recycled glass was replaced with sand and
silica foam as micro silica in four designs with a fixed ratio of 5% by weight of cement. The
compressive strength test was performed at the ages of 7 and 28 days, and three samples
were taken in each test, and a total of 24 cubic samples were tested. Tensile test, like
compressive strength test, were tested at the ages of 7 and 28 days, which included two
cylindrical samples in each test, and a total of 16 cylindrical samples were tested. The
presence of silica foam in concrete causes adhesion and reduction of slump fluidity, and the
highest slump fluidity was observed at 5% ratio. The result of testing the compressive
strength and tensile strength of the concrete containing glass shards and silica foam had
decreased in quality compared to the control mixing plan, which shows the unfavorable
performance of coarse glass particles in the concrete structure.
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1. Introduction

Concrete is one of the most widely used materials in
engineering structures [1]. The favorable physical and
mechanical properties of concrete and the ease of its
production have made concrete the most widely used
material in the construction industry. The compressive
strength of concrete and bearing high pressures is one of its
characteristics [2]; In this way, it shows good resistance
against sudden failures and compressive stresses other

characteristics of concrete that can be mentioned are high
energy absorption and fire resistance [3]. Although
concrete works well in civil works, its components are
made from natural sources.

Lack of natural resources and over-harvesting can cause
great problems in the future. Therefore, an alternative to
the materials used in concrete that reduces the damage to
the environment is felt more than ever [4]. The volume of
industrial and construction waste landfills is expanding [5].
According to the estimates made in the last few years, we
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have faced an increase of 9.2% of natural materials [6].
One of the ways to deal with this important issue is to
recycle and reuse it. This will prevent the accumulation of
waste materials. Glass is one of the waste materials that we
see producing a significant amount of it all over the world.
In 2004, the United Nations estimated the production of
solid waste in the whole world to be about 200 million tons,
of which more than 7% was glass waste [7]. Concrete
containing glass shards is one of the modern innovations in
the construction industry, which avoids problems related to
their burial and recycling by using glass shards as a
substitute for traditional aggregates. But concrete
containing glass fragments may lose properties such as
mechanical resistance and weather resistance compared to
traditional concrete. In order to improve the properties of
concrete containing glass shards, adding silica foam to it as
a strength additive is investigated. Silica foam is a self-
compacting filler material that, by adding it to concrete,
reduces the porosity and weight of the concrete itself, and
as a result improves the mechanical resistance and thermal
properties and insulation of concrete.

Bhanja and Sengupta in 2005 [8], conducted
experiments on a water ratio of 0.26 to 0.42 and a silica
foam ratio of 0.0 to 0.3. and considered compressive,
tensile and bending strength for all samples in this research.
The obtained results show an increase in compressive and
tensile strength with silica foam composition and that the
percentage of substitution in the tests is not fixed at one
percent but depends on the ratio of water to cement.
Compared to split tensile strengths, flexural strengths
showed more improvements. Evaldes and Vitoldas in 2021
[9], collected glass from a dump site and crushed it in a ball
mill in two ways before and after cleaning, and then the
glass shards were analyzed by a scanning electron
microscope (SEM) and analyzed by energy dispersive X-
ray spectroscopy (EDX).

The effects of waste glass powder before and after
cleaning, hydation process of Portland cement were
analyzed using semi-adiabatic calorimetric method. For
further research, the boiler properties such as density,
compressive strength and porosity of ordinary strength
concrete with different amounts of glass powder were also
investigated. In these tests, it was found that when 25% of
the ordinary sand was replaced with waste glass powder
after the cleaning process, a slight increase in compressive
strength could be expected. Vaitkus and et al., in 2020 [10],
in percentages of 0%, 7% and 10% compared to cement
and a fixed ratio of 0.4 water to cement ratio. The designs
were tested in compression, tension and cyclic loading of
production. In addition, the density was determined to
identify the difference in concrete microstructure due to the
presence of silica fume. The results showed that silica foam
significantly increases the performance of high-strength

concrete in terms of pressure, stretch, bending and cyclic
loading, and the design of 7% is the optimal value.

The use of glass in concrete can be done in two ways:
glass shards as a substitute for part of the aggregate and
glass powder as a substitute for part of the cement. One of
the biggest concerns for replacing glass chips as part of the
aggregate is its alkali-silica reaction. This reaction in
concrete causes closure of expansion joints, displacement
of structural members relative to each other and other
adverse effects. One of the ways to reduce the effects of the
alkali-silica reaction is to add additional cement materials
such as silica foam, which is a powder with very fine silica
particles that is obtained from the processing and grinding
of nano silica or silica foam.

The addition of silica foam in concrete significantly
improves concrete, reduces shrinkage in the drying
process, which leads to the reduction of surface cracks and
fractures in concrete, and increases the adhesion between
cement and minerals. In addition, the presence of silica
foam in concrete increases the compressive and tensile
strength. Therefore, it is necessary and important to
investigate the percentage of replacement and the
necessary amount of silica foam to reduce the alkali-silica
effect and increase the strength of concrete.

2. Laboratory program
2.1. Specifications of materials used in concrete

2.1.1. Aggregate

The aggregate used in the research concrete is from the
sand of the Tonkabon spring river. The rough outer surface
of the aggregate provides more surface area for materials
such as water and cement to bond. The maximum size of
the aggregate is another important factor, which was done
by conducting a granulation test and using standard sieves,
a mechanical shaking device for sieves and a scale with an
accuracy of 0.1, and finally by comparing with the
permitted range of ASTM. The used aggregates were
completely dried in an oven at a temperature of 110°C
before testing, and then they were tested vertically and
horizontally in a shaking machine at a speed of 150 rpm for
ten minutes.

2.1.2. Cement

The cement used in this research is type 1 Portland
cement, this gray cement is called ordinary Portland
cement. Type 1 Portland cement is divided into three
resistance categories 325, 425 and 525 based on 28 days
resistance. This used cement is the first category of type 1
cement and is for general use in making mortar and
concrete.
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Physical properties of cement used in concrete
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Figure 2: Graph of sand grading compared to ASTM limits

Physical properties of cement

amount

Initial capture time

Secondary capture time

100-160minutes
180-240minutes

Autoclave volume expansion 0.15-0.05%
Special level 2900cm2/gr
Table 2
Comparison of chemical and physical properties of cement compounds
Feature Portland cement Silica fly ash Lime fly ash cement slag Silica foam
Sio2 21.9 52 35 35 85-97
Al203 6.9 23 18 12 -
CaO 6.3 5 21 40 <1
SO3 1.7 - - - -
(m2/kg) specific surface 370 420 420 400 30000-15000
Specific density 3.15 2.38 2.65 2.94 2.22
General use in concrete Primary binder ~ Cement substitute ~ Cement substitute ~ Cement substitute Amplifier

Figure 3: Appearance of silica foam.
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2.1.3. Silica foam

Silica foam is a polymorph of the amorphous (non-
crystalline) solid form of silicon dioxide. This ultra-fine
powder can be produced as a by-product of silicon and
ferrosilicon alloy and consists of spherical particles with an
average diameter of 150 nm. The first experiment of silica
fume in Portland cement concrete was done in 1952.In
early research, an expensive additive called silica foam, an
amorphous form of silica, was made and used by burning
silicon tetrachloride in a hydrogen-oxygen flame. The
specific gravity of silica foam is generally in the range of
2.2 to 2.3. The specific surface area of silica foam can be
measured by the BET method or the nitrogen absorption
method. It typically ranges from 15,000 to 30,000 square
meters/kg.

2.1.4. Glass shards

Aggregates make up almost 70% of concrete
composition, for this reason, using glass aggregates in
concrete can lead to reduction of glass waste. In this
research, it was done by using recycled glass and crushing
them manually, and the size of the glass shards was based
on the sand grading chart and coordinated with the size of
the sand grains. The size of glass shards after final crushing
is between 0.5 and 2.5 cm.

2.1.5. Lubricant

The additive used in this research is radon concrete
lubricant, which is very suitable for the production of high-
strength concrete. The consumption amount of super
lubricant in this research is 2% of the cement weight in the
mixing plan. Each time the super lubricant was added to
the last part of the water sample and then added to the
mixture.

2.1.6. Water

The water used in the construction of mixing plans and
sample processing was from the drinking water of
Tonkabon city.

Figure 5: Cubic and cylindrical samples of control concrete

Table 3

Characteristics of super lubricant
Increase in air percentage

less than 2%

Alkali content Less than 5 grams of Na20

Chemical base Polycarboxylate ether
Chlorine ion does not have

color Colorless and transparent
Freezing temperature
PH value 3to7

physical state liquid

minus three degrees Celsius

specific weight
brand RAMKA

1.18+0.05grams per cubic

2.1.7. mixing designs
In this research, in order to achieve a suitable mixing
plan for concrete with a strength of 30 MPa in a period of
28 days, the percentage of water to cement is 0.52 and
during four mixing plans with percentages of 5, 7, 10 and
12 percent, silica foam and glass shards with A constant of
5% was considered in four mixing plans, which was done
by making cubic and cylindrical samples and performing
compressive and tensile strength tests by concrete breaker
jack machine at the age of 7 days. The mixing plan of
control concrete samples (Table 4) was made to achieve
concrete with a strength of 30 MPa. 4 cubic samples
15*15*15 and 4 cylindrical samples 15*30 without
lubricant were made. The best compressive strength
obtained in the 7-day sample was 262 kg/m?.
Table 4
Control sample mixing plan
cement water  sand sand

380 198 1136 659 0/52

Water to cement ratio

The main mixing plan of the research in Table 5, which
includes concrete containing silica foam and glass shards
containing lubricant. In this plan, the mixing of silica foam
is considered as a percentage of the cement volume. The
glass shards used in this mixing design are fixed at 5% and

2024-vol6(4)-p 22-31



26 Journal of Civil Engineering Researchers

Table 5
Mixing scheme of concrete containing silica foam and glass shards
Mixing design number sand sand cement Silica foam water shards of glass lubricant
silica foam 5% 1136 659 361 19 198 56/8 7/6
silica foam 7% 1136 659 353/4 26/6 198 56/8 7/6
silica foam 10% 1136 659 342 38 198 56/8 7/6
silica foam 12% 1136 659 334/4 45/6 198 56/8 7/6

Figure 6: The process of making and processing samples.

have been replaced as a part of coarse sand, and the
lubricant used is 2% of the cement volume.

2.1.8. Making samples

After preparing the materials, cement, silica foam,
shards of glass, gravel, sand and water are first weighed.
After collecting the sand materials, pour it into the mixer
and add 80% of the weighed water to it, after a minute, add
silica foam to the coarse sand and mix them properly. The
mixing process continued for 2-3 minutes. After sand and
glass shards are added to the materials in the mixer at the
same time and after 2-3 minutes cement is added to it and
after 2 minutes the lubricant is added to 20% of the
remaining water and allowed to mix. We let the mixer
continue to work for another 3-5 minutes and after 3-5
minutes, turn off the mixer and the desired concrete is
ready to be placed in the mold. After cleaning the inside of
the mold and greasing it with special oil, the made concrete
was poured into the molds in three layers and 25 strokes in
each layer by the rod and compacted. After 24 hours, the
samples were removed from the mold and kept in the water
pool with Ph close to 7 for processing (Figure 6).

3. Tests

3.1. Concrete slump test

In this research, to perform the slump test, first, the
inside of the cone mold was completely cleaned and
moistened, and concrete was poured into the funnel in three
layers and with equal volume. The layers were compacted
by a rod with 25 strokes. After compaction of the last layer,
the slump mold was pulled up vertically without moving
the base plate, and then the amount of concrete drop from
the height of the rod on the metal plate to the highest point

of the concrete was measured and recorded.
e NSl EE ™ :

Figure 7: Concrete slump test
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Figure 9: Cylindrical samples after being taken out of the pond and tested for tensile strength.
Table 6

Conversion coefficients of non-standard samples to standard samples.

150mm cubic compressive <25 30 35 40 45 50 55
strength (MPa)
Compressive strength of 1.25 1.20 1.17 1.14 1.13 1.11 1.1

standard cylinder (MPa)

3.2. Compressive strength test of concrete

In order to control the quality of hardened concrete, a
compressive strength test was performed to determine the
capacity of concrete made against direct compressive
forces on cubic samples by a concrete breaker jack and the
possibility of software analysis. Compressive strength
depends on several factors, including the quality of
consumables, mixing plan and quality control during
concrete production. To perform the compressive strength
test, after 7 and 28 days of treatment in the pond, the
samples were removed from the water one day before the
test and placed in the open air to dry (Figure 8). Then put
the sample in the place where the sample is placed inside
the device and turn on the device. After the device applied
force to the sample and the number shown on the device

remained constant, the device was turned off and the
amount of stress and force was recorded.

3.3. Concrete tensile strength test

In this research, the samples were removed from the
pond after 7 and 28 days of treatment and placed in the
open space for one day to dry completely. The tensile test
of concrete was performed by cutting a cylindrical sample
in half based on the ASTM C496 standard. The samples
were fixed and tested in the appropriate place with the help
of steel rod and bottom plate in the machine. in such a way
that the load is applied against the direction of concreting.
After performing the test steps, it was recorded with the
maximum load and the tensile strength was calculated by
halving the Eq. (1).
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In Eq. (1):

T = halving tensile strength (kg/cm?)

P = maximum applied load (kg)

L = length of cylindrical specimen

d = diameter of cylindrical sample (cm)

3.4. Concrete elasticity modulus test

The modulus of elasticity test of concrete is one of the
important tests in evaluating the mechanical properties of
concrete. The modulus of elasticity indicates the hardness
and resistance of concrete against deformation under
applied loads. The modulus of elasticity of concrete is
defined as the ratio of applied stress to the corresponding
strain in concrete. The larger the aggregates used in
concrete, the higher the modulus of elasticity of concrete.
With higher loading speed, the compressive strength of
concrete increases, and in this direction, the modulus of
elasticity of concrete also increases. The modulus of
elasticity makes it possible to predict the behavior of
structures under different loadings and indicates how much
concrete can withstand the load without undergoing
changes. To check the samples in this research, the
compressive strength test results of 28-day cubic samples
were used. The coefficients in table (6) were used to
convert the resistance of a cubic sample to a cylindrical
sample. The modulus of elasticity of concrete under
tension or compression is obtained by the slope of the
stress-strain curve under uniaxial loading from Eq. (2).

E = (3300,/F, + 6900) [%]1'5 @)

In Eq. (2):

E = modulus of elasticity of concrete GPa
F. = compressive strength of concrete MPa
yc = specific mass of concrete kN/m?3

4. Results and discussion
4.1. Concrete slump test

The results of the fresh concrete slump test are presented
in Table 7. The result of concrete slump in concrete without
silica foam has little separation and no water loss, and the
amount of fresh concrete slump is 80 mm. Silica foam in
concrete caused an increase in concrete slump due to its
very high adhesion property. In concrete containing silica
foam, concrete slump increased and the slump in concrete
containing 5% silica foam was 74 mm. Also, the concrete
slump containing 12% silica foam has increased and has
shown a number of 50 mm, and this is a reason for the

amount of water absorption of silica foam compared to the
use of ordinary cement alone. The presence of silica foam
in concrete has increased the water consumption.

Table 7

Concrete slump results

The name of the mix Slump (mm)
Witness concrete 80
Silica foam 5% 74
Silica foam 7% 67
Silica foam 10% 58
Silica foam 12% 53
8
7.4
6.7
5.8

5.3

O P N W U O N 0O

shahed  F.Silica5% F.Silica 7% F.Silica 10%F.Silica 12%

Mix Plans

Figure 10: Concrete slump diagram (cm).

According to Figure (10), the concrete sample
containing 5% silica foam decreased by 7.5% compared to
the control concrete sample, and the fluidity was close to
the control concrete. Also, for the concrete sample
containing 7% silica foam, 16.25% slump reduction
occurred. 10% and 12% silica foam samples have 27.5%
and 33.75% slump reduction, respectively. The adhesion of
these two samples is much higher due to the presence of
more silica foam in its mixing plan.

4.2. Compressive strength test

The results of the compressive strength test show that
the strength of the samples has increased due to the
increasing age of processing. The strength of the 28-day
concrete cube sample has increased by 24.3% compared to
the 7-day sample. In the sample containing 5% silica foam,
the 28-day compressive strength has increased by 22.39%
compared to the 7-day sample, and in the samples with 7,
10, and 12% silica foam, it has increased by 20.93, 17.58,
and 22.70%, respectively. These plans have shown a lower
initial resistance than the control concrete.

7-day concrete samples containing silica foam and glass
shards showed a decrease in compressive strength
compared to the 7-day control sample. In the 7-day
concrete samples containing 5% silica foam, there was a
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34.61% decrease compared to the 7-day control sample. In
7-day concrete samples containing 7% silica foam
compared to the 7-day control sample, there was a 35.18%
decrease, and in the 7-day concrete samples containing 10
and 12% silica foam compared to the 7-day control sample,
there was a 36.21 and 42.24% decrease, respectively. has

had
Table 8
Compressive strength test results (Mpa)
No mixing Compressive Compressive
strength at 7 days strength of 28 days
Concrete sample 25.7 33.9
as witness
A sample of 5% 16.8 21.6
silica foam
A sample of 7% 16.6 21
silica foam
A sample of 10% 16.4 19.9
silica foam
A sample of 12% 14.8 19.2
silica foam

o
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Figure 11: Graph of the 7-day compressive strength results of the
samples (MPa).
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Figure 12: 28-day compressive strength results graph of the samples
(MPa).

In the 28-day concrete samples containing silica foam
and glass shards, it showed a decrease in compressive
strength compared to the 28-day control samples. In the

samples of 28 days, 5% silica foam has decreased by
36.21% compared to the control sample of 28 days. In the
7 and 10% silica foam samples, compared to the 28-day
control sample, there was a decrease of 37.95 and 41.41%,
respectively, and in the 28-day sample containing 12%
silica foam, there was a 43.43% decrease compared to the
28-day control sample. The ratio of glass shards in all
samples was 5% compared to coarse sand.

4.3. Tensile strength test

The tensile strength of concrete decreased with the
decrease of compressive strength compared to control
concrete. At the age of 28 days, the tensile strength of
concrete in the design containing 5% silica foam and 5%
glass shards has decreased by 32.05% compared to the
control design, and at the age of 7 days, the 5% sample has
shown a 42.8% decrease. Tensile strength of concrete in 7
days 7% and 10% silica foam samples compared to the
control sample showed 51.42% and 71.42% decrease in
tensile strength, respectively.

Among the samples, the largest reduction in strength
was the 12% silica foam sample, which had a 74.85%
reduction in strength compared to the control concrete. The
highest resistance observed among the samples was the 5%
sample with a resistance of 2.01 MPa. The tensile strength
of concrete in the 28-day sample containing 5% silica foam
has decreased by 32% compared to the control concrete. In
the samples containing 7% and 10% silica foam, compared
to the control concrete, it showed a 42.3% and 64.1%
decrease in tensile strength, respectively. The sample
containing 12% silica foam has seen a 71.7% reduction in
strength compared to concrete, which is the highest
reduction in strength among the samples. The highest
tensile strength obtained among the samples of 28 days was
related to the sample containing 5% silica foam, which
showed a tensile strength of 2.65 MPa.

4.4. Elastic modulus test

The test results of concrete modulus of elasticity at the
age of 28 days are presented in the table. According to the
obtained results, the modulus of elasticity decreases with
the increase of silica foam in concrete. The obtained result
shows that the rate of increase of concrete elasticity
modulus is lower than the rate of increase of concrete
compressive strength and the obtained results are relatively
close to each other. In the tests conducted, the modulus of
elasticity increased with the increase in compressive
strength. The highest number obtained in the results of the
tests was related to the witness concrete.

In the design containing 5% silica foam compared to
concrete, it has shown a 15.49% decrease in modulus of
elasticity. In designs containing 7% and 10% silica foam,
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Table 9
Tensile strength results (MPa)
Witness A sample A sample A sample A sample
The name of the mix sample of 5% of 7% of 10% of 12%
P silicafoam  silica foam  silicafoam silica foam
Tensile strength 39 265 295 14 11
28days
4.5 30 +
4 3.9
35
3 2.65
25 2.25
2
14
15 11
1
0.5
0
Shahed  S.Fume 5% S.Fume 7% S.Fume 10%S.Fume 12%
Shahed  S.Fume 5% S.Fume 7% S.Fume 10%S.Fume 12%
Figure 13: The graph of tensile strength test results at the age of 28 Figure 14: Diagram of modulus of elasticity of concrete at the age of
days (MPa) 28 days (MPa)
Table 10: Modulus of elasticity of 28-day concrete (MPa)
Witness A sample A sample A sample A sample
The name of the mix of 5% of 7% of 10% of 12%
sample - TH o i
silicafoam  silica foam  silica foam  silica foam
Modulus of elasticity 25.04 21.44 21.23 20.86 20.62

compared to the control concrete, there was a decrease of
16.47 and 18.21%, respectively, and compared to the
sample containing 5% silica foam, it showed a decrease of
0.98 and 2.74%, respectively. In the design containing 12%
silica foam, compared to the control sample, it has 2.
decreased by 19.36% and compared to the sample
containing 5%, it has shown a decrease of 3.9%. The
sample containing 12% silica foam has the lowest modulus
of elasticity of concrete among the samples and the sample
containing 5% silica foam has the highest modulus of
elasticity of concrete.

silica foam is 16.25, 10% silica foam is 27.5
and the sample of 12% silica foam has
decreased by 33.75% compared to the control
sample.
The best result of compressive strength in
concrete samples is related to the strength of
the sample containing 5% silica foam with a
resistance of 21.6 MPa and the lowest
compressive strength obtained among the
samples is related to the sample containing
12% silica foam with a resistance It was 19.2
MPa.
3. The highest tensile strength obtained among
the samples was related to the sample
containing 5% silica foam with a resistance of

5. Conclusions

As a result, the following conclusions were obtained:

1.

The presence of silica foam in concrete due to
its high adhesion has a negative effect on the
mental properties of concrete and reduces the
efficiency of concrete, which in concrete
samples containing 5% silica foam is 7.5%, 7%

2024-vol6(4)-p 22-31

2.65 MPa, and the lowest tensile strength was
related to the sample containing 12% silica
foam with a resistance of 1.1 MPa.

The highest modulus of elasticity obtained
among the samples was related to the sample
containing 5% silica foam with a resistance of



Journal of Civil Engineering Researchers

21.44 GPa, and the lowest amount of resistance
among the samples was the sample containing
12% silica foam with a resistance of 20.66
GPa.

5. Adding shards of glass to concrete has caused
the concrete to break apart and crack, and as a
result, it has caused a drop in concrete strength.
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This study investigates the mechanical properties of natural fiber-reinforced concrete (FRC)
through the addition of natural fibers such as kenaf (KFRC), jute (JFRC), and coconut
(CFRC). The evaluation focused on key properties including compressive strength, split
tensile strength, and flexural strength. Fiber combinations were introduced in a fiber volume
fraction of 0.5%, with fiber lengths standardized at 20 mm. A water-to-binder ratio of 0.44
was maintained for all mixes. Six specimens were tested for each parameter after a curing
period of 28 days. The objective of this research was to assess the potential of natural fibers
like kenaf, jute, and coconut for developing sustainable FRC while maintaining or improving
its mechanical properties. Results demonstrated that the inclusion of natural fibers at the
specified length and concentration positively influenced post-cracking flexural performance
and splitting tensile strength. Among the tested combinations, FRC reinforced with jute
fibers (JFRC) exhibited superior performance compared to other fiber combinations.
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1. Introduction

Natural fibers have been integral to construction
materials for centuries, dating back to ancient civilizations
where fibers like straw and horsehair were mixed with mud
to reinforce walls and roofs [1, 2]. Today, with growing
environmental concerns and the need for sustainable
building practices, fiber-reinforced concrete (FRC) has
gained renewed attention [3, 4]. The construction industry
is a major contributor to global carbon dioxide emissions,
and traditional FRC like steel FRC not only consume vast

" Corresponding author. Tel.: +989122444472; e-mail: amir.mahboob@upc.edu.

amounts of energy but also release significant greenhouse
gases during production [5]. In response to these issues,
researchers are increasingly focused on developing eco-
friendly FRCs that reduce environmental impact while
maintaining or even improving the mechanical properties
of conventional construction materials [6, 7].

Natural fiber-reinforced concrete (NFRC) has been
increasingly explored as a sustainable alternative to
traditional synthetic fibers [8-10]. These fibers are not only
renewable and biodegradable, but also exhibit several other
advantages, including high tensile strength, lower
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processing costs and densities compared to synthetic fibers,
making them ideal for environmentally friendly building
materials [11-13]. The incorporation of natural fibers such
as kenaf, jute, coconut, and sisal has been shown to
enhance the tensile strength, flexural strength, and overall
durability of concrete by preventing the propagation of
microcracks [14-16]. Natural fibers help reduce the
shrinkage-related cracks that typically occur in concrete
during the drying process, providing enhanced resistance
to mechanical stresses and improving the post-cracking
behavior of concrete [1,12,17].

Advanced materials are essential in seismic regions
where reinforced concrete (RC) structures endure repeated
loads. Hassanshahi et al. [18] demonstrated that repeated
earthquakes significantly damage RC joints by increasing
inelastic displacements. This highlights the importance of
materials like NFRC, which enhance toughness, ductility,
and post-cracking strength, key properties for improving
the performance of earthquake-resistant structures.

Despite their potential benefits, the optimization of
NFRC remains a challenge. Factors such as fiber volume
fraction, fiber length, and distribution within the concrete
matrix significantly impact the mechanical properties of
NFRC [19]. Excessive fiber content, for example, can
result in clumping and reduced workability of the concrete
mix, undermining its effectiveness [20, 21]. Moreover,
each natural fiber type possesses unique characteristics,
necessitating tailored approaches to maximize their
reinforcement potential in concrete [16, 22].

This study provides insights into the individual
contributions of each natural fiber type such as kenaf, jute,
and coconut and their effects on mechanical properties of
FRC performance. The research evaluates compressive
strength, split tensile strength, and flexural strength,
focusing on the feasibility of using natural fibers as a
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sustainable alternative to synthetic reinforcement in FRC,
potentially reducing the carbon footprint of construction
projects and enhancing FRC performance. The outcomes
will not only advance the understanding of natural fiber
applications in concrete but will also serve as a valuable
reference for engineers and practitioners seeking to
incorporate  innovative materials into  sustainable
construction practices.

2. Materials and Mixture Proportions

The cement used in this study was CEM II/A-L 42.5 R,
with a specific gravity of 2.95 g/cm3. Fine aggregates with
a specific gravity of 2.63 and a fineness modulus of 2.77
were utilized, while coarse aggregates had a specific
gravity of 2.68 and a fineness modulus of 2.62. The grading
curves for both fine and coarse aggregates were determined
using sieve analysis, as per ASTM C136 standards [23, 24],
and complied with the relevant ASTM specifications.
Figure 1 illustrates the aggregate combination used.

Natural fibers, including kenaf, jute, and coconut, as
illustrated in Figure 2, were incorporated into the concrete
mix. Kenaf fibers had an average diameter of 0.2 mm,
tensile strength of 500 MPa, and a density of 1.4 g/cm?.
Jute fibers had a smaller average diameter of 0.008 mm,
with a tensile strength of 700 MPa and a density of 1.5
g/lcmid. Coconut fibers were larger, with an average
diameter of 0.25 mm, a tensile strength of 220 MPa, and a
density of 1.25 g/cm3. All fibers were cut to a length of 20
mm to ensure consistency. However, natural fibers often
contain compounds like lignin and hemicellulose, which
hinder the cement hydration process, making pre-treatment
necessary.

Sieve size (mm)

Figure 1. Distribution curve illustrating the particle sizes of the combined aggregates.
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Figure 2. Natural fibers used in the study: a) Kenaf, b) Jute, and c) Coconut.

Table 1.

Proportions of the composite mixtures.
SR — Quantity (kg/m3)

pPC KFRC JFRC CFRC

Cement 420 420 420 420
Water 185 185 185 185
Superplasticizer 5.0 5.0 5.0 5.0
Crushed granite 700 700 700 700
Coarse river sand 900 900 900 900
Fiber content 0.0 7.0 75 6.25
Water / cement 0.44 0.44 0.44 0.44
Dry density 2296 1985 1910 2103

The fibers were subjected to an alkaline treatment by
soaking them in a 5% sodium hydroxide (NaOH) solution
for one hour. After the treatment, the fibers were air-dried
for 24 hours, followed by oven-drying at 85°C for four
hours to improve their mechanical properties. Each gram
of dry fiber was then processed using a 200 W electric
grinder for five seconds to ensure uniform dispersion
within the concrete matrix. This process effectively broke
down any fiber agglomerates, optimizing their integration
into the concrete mix [25- 27].

The concrete mix was prepared using fresh, potable
water that was free from organic and acidic contaminants.
A superplasticizer (BASF Glenium 313C), with a specific
gravity of 1.22 at 25°C, was uniformly added at 8 kg/m?3 to
all mixtures to enhance the workability of the concrete mix.

To investigate the behavior of NFRC, three distinct
mixes were prepared in the laboratory: kenaf fiber-
reinforced concrete (KFRC), jute fiber-reinforced concrete
(JFRC), and coconut fiber-reinforced concrete (CFRC).
Each mix maintained a consistent water-to-binder ratio of
0.44. These fiber-reinforced mixes were compared to a
control mix of plain concrete (PC), following the ACI
211.1-91 standard [28] with the goal of achieving a target
28-day compressive strength. The fiber volume fractions
for the NFRC mixes were set at 0.5% by volume of
concrete. Specimens were labeled based on the type of
fiber used in each mix. Cement was used consistently
across all four mixtures at a dosage of 420 kg/m3. The
quantities of crushed granite and coarse river sand
aggregates remained constant in all mixes, at 700 kg/m3

and 900 kg/m3, respectively. The detailed proportions of
these composite mixes are detailed in Table 1.

3. Methodology

The specimen preparation began with manually
blending cement and fine aggregates (coarse river sand) to
create a homogeneous mix. Natural fibers were then added
to this blend. At the final stage, coarse aggregates (crushed
granite), water, and superplasticizer were introduced.
Cylindrical specimens with a diameter of 150 mm and a
height of 300 mm were cast for compressive and split
tensile strength tests, while prismatic RILEM beam
specimens (150 mm width, 150 mm depth, and 600 mm
length) were cast for flexural strength testing. These
specimens were prepared for all mixes, including PC,
KFRP, JFRP, and CFRC. All specimens were stored in an
environment with a minimum of 80% relative humidity
and a temperature of 27 £ 2°C for 24 hours. They were then
moved to a steam-curing room with automatic temperature
control, set at 20 + 2°C and 95% relative humidity. After
28 days of curing, a total of 72 specimens (six for each test
type and mix) were tested, and the average results were
recorded for evaluation.

3.1. Compressive Strength Tests

The uniaxial compressive strength tests were conducted
using a 2000 kN Electro-Hydraulic Pressure testing
machine controlled by a computer, applying a steady load
until failure. Before testing, all compressive specimens
were capped with sulfur for uniform load distribution. The
compressive tests followed NP EN 12,390-3:2011 [29] and
NP EN 12,390-13:2014 [30] standards. The test control
used axial displacement as the control variable, measured
by an internal displacement transducer within the loading
equipment. The experimental setup for the compressive
tests is shown in Figure 3-a.

3.2. Splitting Tensile Strength Tests
Cylindrical specimens were horizontally placed

between two hard metal strips, following ASTM
C496/C496M [31] guidelines (Figure 3-b). The same
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testing machine used for the compressive tests performed
the splitting tests, with a jig ensuring specimen alignment.
During testing, transversal deformation perpendicular to
the load direction was recorded, providing detailed insights
into the concrete’s tensile response. The tensile strength
was calculated from the first peak of the load-deformation
curve, representing the material’s elastic limit [32-34].

3.3. Flexural Strength Tests

Prismatic beam specimens were prepared with precise
dimensions and a standardized notch to ensure controlled
crack propagation. The beams were placed in a three-point
bending configuration with the notch aligned under the
load application point. The load was applied centrally over
a 500 mm span at a controlled rate to ensure consistent data
collection. The three-point notched beam bending tests
(3PNBBT) followed the fib Model Code 2010 [35]
recommendations and were conducted using a 300 kN
hydraulic jack under monotonic loading.

The tests aimed to assess residual flexural tensile
strength parameters (fR,1, fR,2, fR,3, fR,4) at crack mouth
opening displacements (CMOD) of 0.5, 1.5, 2.5, and 3.5
mm. The flexural tensile strength (fct,L) was measured at
a CMOD of 0.05 mm, which is crucial for understanding
post-cracking behavior. Figure 3-c shows the testing setup
for the notched beams.

Figure 3. Experimental test setup employed in the study: a)
Compressive strength tests, b) Splitting tensile strength tests, c)
Flexural strength tests

4. Results and Discussion
4.1. Compressive Strength

The compressive strength results at 28 days (Table 2)
demonstrate a noticeable reduction in strength with the
incorporation of natural fibers. Plain concrete (PC)
exhibited the highest compressive strength of 41.21 MPa,
serving as the baseline for comparison. Among the fiber-
reinforced concrete mixes, CFRC demonstrated the best

performance with a compressive strength of 37.42 MPa,
followed by KFRC at 33.1 MPa, and JFRC at 30.53 MPa.
The reductions in strength compared to PC were 9.17%,
19.67%, and 25.91% for CFRC, KFRC, and JFRC,
respectively. These results highlight the fact that the
inclusion of natural fibers reduces the compressive
strength, likely due to the increased porosity and fiber-

matrix interface discontinuities introduced during mixing.
Table 2.
Compressive strength of all mixes at 28 days: PC, KFRC, JFRC, and
CFRC.

Compressive strength

Cyl!nder
specimens ;¢ (\ipq) CoV (%)
PC 41.21 2.2
KFRC 331 7.2
JFRC 30.53 6.9
CFRC 37.42 418

Figure 4 further illustrates the stress-strain behavior of
all mixes, where it is evident that PC maintained the highest
peak compressive stress, while the fiber-reinforced
concrete mixes displayed enhanced ductility and post-peak
behavior. Coconut fibers, in particular, contributed to
CFRC retaining more of its compressive strength due to
better bonding with the cement matrix. The lower
compressive strengths of KFRC and JFRC can be
attributed to the higher water absorption of kenaf and jute
fibers, which likely led to the introduction of additional
voids within the matrix. These voids act as stress
concentrators, contributing to early failure under
compressive loads. Overall, while natural fibers reduce
compressive strength, they also improve ductility and
toughness, which are crucial for applications requiring
enhanced crack control and energy absorption.

4.2. Splitting Tensile Strength

The splitting tensile strength results at 28 days (Figure
5) demonstrate that the addition of natural fibers
significantly enhanced the tensile capacity of the concrete
mixes compared to the PC. Among the mixes, JFRC
achieved the highest splitting tensile strength of 4.1 MPa,
followed closely by KFRC at 3.9 MPa, and CFRC at 3.7
MPa. PC exhibited the lowest splitting tensile strength of
2.8 MPa, which is consistent with the expectation that
natural fibers improve the tensile capacity of concrete due
to their ability to bridge cracks and delay crack
propagation. However, it is important to note the relatively
high coefficient of variation (CoV) observed for the fiber-
reinforced mixes, particularly for JFRC and KFRC, which
indicates variability in the test results. The CoV reflects the
natural variability in fiber properties, such as fiber length,
aspect ratio, and dispersion within the matrix, which can
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Figure 4. Stress-strain curves for all mixes at 28 days: a) PC, b) KFRC, c¢) JFRC, d) CFRC.
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Figure 5. Split tensile strength of all mixes at 28 days: PC, KFRC,
JFRC, and CFRC

affect the fiber-matrix bond and ultimately the tensile
strength.

The superior performance of JFRC and KFRC can be
attributed to the stronger bond between the jute and kenaf
fibers and the cement matrix. Jute and kenaf fibers have a
high tensile strength and good interaction with the cement
matrix, which allows them to absorb and distribute tensile
stresses effectively, delaying crack formation. The
relatively lower splitting tensile strength of CFRC,
although still higher than PC, may be related to the lower
aspect ratio and strength of coconut fibers compared to jute
and kenaf, leading to less effective crack bridging.
Additionally, the variability in tensile strength among the
mixes, as indicated by the error bars, suggests that fiber
dispersion and the natural variability in fiber properties
play a role in the results. Overall, the inclusion of natural

Splitting tensile strength (MPa)

0012

fibers significantly enhances the tensile strength of
concrete, with jute and kenaf fibers being the most
effective.

4.3. Flexural Strength

Figure 6 illustrates the load-CMOD and flexural tensile
stress curves for all mixes in the three-point notched
RILEM beams at 28 days, while Table 3 provides a detailed
comparison of the residual flexural tensile strength
parameters for each mix. The results demonstrate that the
NFRC mixes exhibited significantly higher residual
flexural tensile strengths at various crack mouth opening
displacements (CMOD) compared to the PC. Specifically,
at CMOD = 0.05 mm, JFRC achieved the highest flexural
tensile strength (fct,L = 5.17 MPa), followed by KFRC
(4.57 MPa), and CFRC (4.41 MPa), while PC had the
lowest value (4.33 MPa). This trend reflects the enhanced
ability of the natural fibers to bridge cracks and distribute
stresses, particularly at early stages of crack formation,
which is reflected in the higher peak load (FL) for the fiber-
reinforced mixes.

As the CMOD increases, the residual tensile strengths
(fR,1 to fR,4) for the NFRC mixes decline, with JFRC
consistently maintaining superior performance. At
CMOD1 = 0.5 mm, JFRC shows a residual flexural tensile
strength of 3.19 MPa, while KFRC and CFRC also exhibit
considerable strength, at 2.16 MPa and 2.02 MPa,
respectively, compared to PC’s negligible value (0.21
MPa). This significant difference indicates the ability of
the natural fibers, particularly jute and kenaf, to provide
substantial post-cracking load-bearing capacity, mitigating
the rapid degradation of structural integrity seen in PC.
However, as crack widths increase, the contribution of
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fibers becomes less pronounced, which is evident in the
declining residual strengths across all mixes at CMOD3 =
2.5 mm and CMOD4 = 3.5 mm.

Notably, the CoV values for residual flexural tensile
strengths are higher at larger CMOD levels, particularly for
KFRC and CFRC. This suggests that these natural fibers
may exhibit inconsistent behavior during larger
deformations, possibly due to variations in fiber
orientation, and dispersion, leading to fluctuating crack-
bridging efficacy. JFRC, with consistently lower CoV
values, shows more stable performance across all CMOD
levels, indicating better fiber-matrix interaction and more
uniform fiber dispersion. This consistent performance
explains JFRC's superior flexural strength and post-
cracking load capacity throughout the entire range of crack
development.

CMOD1 CMOD2 CMOD3

Load (kN)
=

CMOD (mm)

5. Conclusion

This study successfully evaluated the mechanical
properties of natural fiber-reinforced concrete (FRC)
incorporating kenaf (KFRC), jute (JFRC), and coconut
(CFRC) fibers, highlighting their potential to enhance the
sustainability and performance of plain concrete (PC). The
research demonstrated that the addition of natural fibers at
a volume fraction of 0.5% and a standardized length of 20
mm significantly improved key mechanical properties,
including compressive strength, splitting tensile strength,
and flexural strength, compared to PC. The results
indicated that while the addition of natural fibers reduced
compressive strength compared to PC-with compressive
strengths of 41.21 MPa for PC, 37.42 MPa for CFRC, 33.1
MPa for KFRC, and 30.53 MPa for JFRC-this reduction
was offset by improved ductility and toughness.

CMOD4

=eimi PG Ave
KFRC_Ave 4
——— JFRC_Ave
CFRC_Ave

Flexural tensile stress (MPa)

4

Figure 6. CMOD versus load and flexural stress curves for all mixes in three-point notched RILEM beams at 28 days.

Table 3.

Residual flexural tensile strength parameters for all mixes in three-point notched RILEM beams at 28 days

Flexural tensile strength parameters RILEM Beams

PC KFRC JFRC  CFRC

fct,L (Mpa) 433 457 5.17 441
CMOD =0.05 mm FL (kN) 13.52 14.29 16.16 13.77

CoV (%) 6.38 5.21 3.09 74

fR,1 (Mpa) 0.21 2.16 3.19 2.02

CMOD1 = 0.5 mm F1 (kN) 0.65 6.74 9.98 6.31
CoV (%) 7.67 7.52 5.81 8.13

fR,2 (Mpa) - 2.21 2.82 1.96

CMOD2 =1.5mm F2 (kN) - 6.89 8.81 6.13
CoV (%) - 1262 879 11.99

fR,3 (Mpa) - 2.01 1.97 1.54

CMOD3 = 2.5 mm F3 (kN) - 6.28 6.16 4.81
CoV (%) - 27.62 20.75 30.19

fR,4 (Mpa) - 1.91 1.29 1.35

CMOD4 =3.5mm F4 (kN) - 5.96 4.03 4.22
CoV (%) - 3271 2925  32.83

The inclusion of natural fibers significantly enhanced
splitting tensile strength, with JFRC achieving the highest
value of 4.1 MPa, followed by KFRC at 3.9 MPa and

CFRC at 3.7 MPa, compared to PC's 2.8 MPa. This
improvement is attributed to the fibers' ability to bridge
cracks and delay propagation. In terms of flexural strength,
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JFRC consistently outperformed PC, particularly at low
crack mouth opening displacements (CMOD), achieving a
flexural tensile strength of 5.17 MPa at CMOD = 0.05 mm.
The ability of natural fibers to provide significant post-
cracking load-bearing capacity demonstrates their
effectiveness in enhancing concrete performance. Overall,
this research underscores the potential of natural fibers to
improve the mechanical properties of concrete while
promoting sustainability. Future studies should focus on
optimizing fiber combinations and examining long-term
durability to validate these findings further.
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ABSTRACT

In this article, the optimal shape of the compound trapezoidal cross-section is presented by
considering the deterministic constraints and the probabilistic constraint of channel flooding
as uncertainty with the SPSA algorithm and with three flow discharge of 10, 50, and 120
m3/s. The objective function is to minimize the cost of excavation and lining, the design
variables of depth and bed width of the canal, side slopes and constraints include uniform
flow, maximum and minimum velocity, water surface width and the overtopping probability.
The values of the freeboard and the slope of the channel bed are fixed and equal to 0.5 meters
and 0.0028, respectively. The results show that with the increase in overtopping probability,
the flow depth increases, but the side slopes, velocity and Froud number decrease. The cost
of construction and the bed width, initially decreases with the increase of the overtopping
probability, and at a certain value, the probability reaches its minimum value, and then with
the increase of the overtopping probability, the cost of construction and bed width increases.

ARTICLE INFO

Received: October 17, 2024
Accepted: November 26, 2024

Keywords:

Open channels

Optimal design

SPSA algorithm
Overtopping probability
Uncertainty

© 2024 Journals-Researchers. All rights reserved.

DOI: 10.61186/JCER.6.4. 40
DOR: 20.1001.1.2538516.2024.6.4.5.0

1. Introduction

The optimal design of the cross section of the channel is
necessary for the design discharge to convey through it and
the least cost for its construction [1]. The optimal design of
the composite channel cross-section was first addressed by
Trout (1982) with the aim of minimizing lining costs with
composite roughness for trapezoidal, rectangular, and
triangular channels [2] .Guo, and Hughes, (1984) for the
first time considered the free board as a design variable for
the optimal design of the trapezoidal channel using the first
principles of calculus and derivation and with the objective
function of frictional resistance or the construction cost [3].

In Monadjemi's 's research (1994), the triangular section is
the best hydraulic section among different sections such as
rectangular, triangular, trapezoidal and round bottom
triangular [4]. Swamee (1995) and Swamee et al. (2001,
2002, 2002) Presented optimal channels with triangular,
rectangular, trapezoidal, and circular sections, considering
water lost as seepage and evaporation losses, and using
presented a non-linear method. The results showed that the
cross-sectional area of the channel and losses due to
seepage and evaporation in a trapezoidal channel are less
than triangular and rectangular channels. The results of
Babaeyan-Koopaei et al.'s research (2000) showed that the
cross-sectional the wetted flow area and wetted perimeter
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of a triangular channel with a parabolic bottom is less than
a channel with a triangular and parabolic cross-section. Das
(2000) presented the optimal shape of the cross-section
with composite roughness trapezoidal channel with
freeboard using the method of Lagrange coefficients,
taking into account the constraints of Manning's equation
and the objective function of the construction cost [12].
Jain et al. (2004) presented the optimal design of the
trapezoidal channel section by considering the velocity and
top width constraints of the water surface using genetic
algorithm. The cost of construction a channel using
genetics algorithms is lower compared to the method of
Lagrange multiplier. Bhattacharjya (2005) considered
problem for optimal design of composite channel cross
section of trapezoidal shape by investigating the constraint
of freeboard and changes in the specific energy of the
channel. [14]. Bhattacharjya (2006) optimized the
trapezoidal channel section with nonlinear optimization
model incorporating the critical flow condition of the
channel. The results show that this method has a better and
more favorable performance compared to the Lagrange
method in the research of Das. [15]. Also, Bhattacharjya
used the optimal shape of the open channel cross-section
with the combined method of geneti algorithm and second-
order sequential programming algorithm. The results
showed the high efficiency of the mentioned method in the
optimal and stable design of open channels. [16]. Das
(2007) presented the optimal cross-section model of a
trapezoidal channel with two objective functions of
minimizing the overall cost of channel construction and
minimizing the probability of overtopping and limiting the
establishment of uniform flow using the first-order analysis
method. The results of this research showed that with the
decrease of overtopping probability, the flow depth
decreases and the bed width increases. [17]. Bhattacharjya
and Satish (2008) developed the model of Das (2007) by
considering the freeboard as a design variable and also
using genetic algorithm. The results indicate a direct
relationship between the width of the channel and the cost
of its construction, as well as the better efficiency of the
genetic algorithm compared to the classical optimization.
[18]. Reddy and Adarsh (2010) presented the optimal
shape of the cross-section of the composite trapezoidal
channel using the elitist-mutated particle swarm
optimization (EMPSO) method with overtopping
constrained design. The results show that the cost of
construction the channel is lower than the method of
Lagrange coefficients. [19]. While in the research of Das
(2010), the mentioned clause was obtained through risk
analysis. [20]. In another study, Reddy and Adarsh (2010)
used two meta-heuristic methods such as Genetic
Algorithm (GA) and Particle Swarm Optimization (PSO)
algorithm to obtain the optimal shape of the channel
section [21]. In a comprehensive research, Adarsh (2012)

designed the optimal shape of the trapezoidal channel by
taking into account the water loss in the form of seepage
and evaporation using the meta-heuristic optimization
technique namely probabilistic global search Lausanne
(PGSL) [23]. Adarsh and Reddy (2013) presents a
probabilistic multi-objective model for optimal design of
composite channels that have across-sectional shape of
horizontal bottom and parabolic sides with three objective
functions including minimizing the cost of channel
construction, maximizing the probability of the expected
the channel capacity being greater than the design
discharge and minimizing the overtopping using the
particle swarm optimization method and Pareto-optimal.
The results showed that the presented approach has good
potential for other sections designs of open channels under
input parameter uncertainty. In recent years, Easa (2011),
Easa and Vatankhah, (2014), Han (2015), Han and Easa
(2017), very extensive researches regarding the design of
new general open channel cross-sections were introduced.
The results show that the optimal section that minimizes
construction cost is substantially better than the most
hydraulically efficient section. [24-27]. Orouji et al. (2016)
optimized the trapezoidal compound channel section using
the frog leaping algorithm. The results show that the use of
this algorithm is more economical compared to genetic
algorithms, ants, etc. [28]. Roushangar et al. (2018) in their
studies to provide the optimal shape of the composed
trapezoidal channel using genetic algorithm showed that
the application of depth, speed and Froud number
constraints increases the construction cost, while the water
surface width constraint reduces the cost. . [29]. Gupta et
al. (2018) used Fish Shoal Optimization (FSO) for the
optimal design of the trapezoidal channel section. which
reduced the cost of channel construction compared to
particle swarm algorithm (PSO) [30]. Farzin and Anarki
(2020) using meta-heuristic methods, to the optimal and
probabilistic design of the composed trapezoidal channel
cross-section in which models are based on constant or
variable freeboard, uniform or composite roughness
coefficient, fixed and variable freeboard, and also velocity,
Froude number and overtopping constraints using bat
hybrid algorithm. The results showed that using HBP,
compared to BA, PSO, LINGO, Lagrange multiplier
method and shuffled frog-leaping algorithm, led to a 32%
reduction in the cost of channel construction. Therefore,
HBP has high potential for the optimal design of open
channels. [31]. Pourbakhshian and Pouraminian (2021)
presented some analytical models for the optimal design of
trapezoidal composite channel cross-section. The objective
function is the cost function per unit length of the channel,
which includes the excavation and lining costs. To define
the system, design variables including channel depth,
channel width, side slopes, freeboard, and roughness
coefficients were used. The constraints include the mannin-
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Figure 1. Representation of the cross-sectional geometry of the composite trapezoidal channel

Mg’s equation, flow velocity, Froude number and water
surface width, The Simultaneous Perturbation Stochastic
Approximation (SPSA) algorithm was used to solve the
optimization problem. The results are presented in three
parts. In the first part, the optimal values of the design
variables and the objective function are presented in
different discharges. In the second part, the relationship
between cost and design variables in different discharges is
presented in the form of conceptual and analytical models
and mathematical functions. Finally, in the third part, the
changes in the design variables and cost function are
presented as a graph based on the discharge variations.
Result indicates that the cost increases with increasing
water depth, left side slope, equivalent roughness
coefficient, and freeboard. [32].

the optimal cross section of a composite parabolic
channel by considering four models based on freeboard
changes. The results show that increasing the discharge
increases the flow depth, left and right-side slopes, total top
width and water surface width, channel cross-sectional area
and flow area, the total channel perimeter and wetted
perimeters, flow velocity, Froud number and the cost
increases. By examining the relationship between cost with
design variables, constraints and geometric parameters of
parabolic channel cross section in different iterations, the
characteristic of the model that won the most number of
iterations is based on the increase of left and right side
slopes, total top width and water surface width, the cross-
sectional area of the canal and the flow area, the total
channel perimeter and the wetted perimeters, the Froud
number, increase the cost, and in contrast, increasing the
depth and flow velocity reduces the cost. Comparing the
results of the four models with each other shows that the
cost values in the first model are less than other models and
in the third model are higher than all models. [33]. Since
parameters such as discharge, longitudinal bed slope of the
channel and roughness coefficients of the property have a
stochastic nature, so that with the passage of time, the
longitudinal bed slope of the channel and roughness
coefficients will undergo changes due to the phenomenon
of erosion and sedimentation compared to the initial values
for the design and the amount Due to the occurrence of
unauthorized rainfall, the discharge through the channel is
higher than the design discharge of the channel, so there is

uncertainty in determining the depth of the flow in the
channel and the overtopping of the channel. As a result,
considering the optimal design of irrigation channels
limiting the possibility of overtopping reduces costs and
damages. [34].

In this research, the optimal design of the cross-
section of the composite trapezoidal channel by
considering the deterministic constraints and the
overtopping constraint and uncertainty by using the
optimization algorithm of the Simultaneous Perturbation
Stochastic Approximation (SPSA) in the flow discharge of
10, 50 and120 (m”3/s). Since it is necessary to design the
optimal cross-section of open channels with the aim of
passing the maximum flow and the minimum construction
cost, in this regard, it is of great importance in terms of the
possibility of overtopping due to the uncertainty of the
design parameters including flow rate, longitudinal bed
slope and flow roughness coefficients. In this research, for
the first time, the SPSA algorithm has been used for the
optimal design of composite trapezoidal channels by
considering overtopping and uncertainty, and in this
regard, the most important part of innovation is to include
a complete set of definite constraints and the possibility of
overtopping in the values of different flows.

2. Optimal design of open channels
2.1. Trapezoidal cross section

As shown in Fig. 1, z;: 1, z,: 1represent the side slopes
of the channel corresponding to the left and right sides,
n,, Ny, ng are Manning’s roughness coefficients on the left,
right and bottom sides of the channel, b is bottom width, y
is the flow depth, f is the freeboard, and s, is the
longitudinal bed slope. where A, and P, are the is the total
channel cross-sectional area and perimeter, respectively;
T,is the total top width of the channel cross-section; 4,,and
P, are the channel wetted area and perimeter, respectively;
T, is the water surface width, P,,,, P,,,, and P, 5 are wetted
perimeters corresponding to the left, right and bottom sides
of the channel respectively. P, P;,, and P.;are perimeters
corresponding to the left, right and bottom sides of the
channel, respectively; R,, is the hydraulic radius; and Dis
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the hydraulic depth. Parameters y, b, z1, z2, and f are
defined in Fig. 1 are related to the area (Eq 1), perimeter
(Eq 2), and the overall width of the section (Eq 3):

Ac=by+ )+ (2 +2) v+ )?/2 @)
Py =(z2+DY2.(y+ f)
Py = (2> +1)Y2.(y + )
Pis =D
P, =Py + Py + Py3 (2)
Pe={[@? + D2 + (22 + DY) 5+ ) + b}

Te=b+(z1+2)(y + f) ®)
In the equations 1 to 3, by removing the freeboard in the

equations, the corresponding water flow equations are
obtained.

2.2. Design variable
According to the geometric model described in figure

(1), design variables, description and their minimum and
maximum values are given in Table 1.

flow velocity in the channel should not exceed the
maximum permissible velocity [8,13]. In this study, the
minimum and maximum velocity values are 0.75 and 4
m/s, respectively.

Table 2
Representation of design variables
Equation Describe Constraint
o AP Uniform flow @D,
O =|=-—2—F|—-e<0
\/% X mPy;
E Sub Critical flow @,
b, =
Tmax
T .
®, = t _1<o Channel top width D,
max
Vinin Minimum @
P,=—""-1<0 - 4
4 [ ve permlss_lble
velocity
v -
By=-2_1<0 Max!m?‘brln Ps
fnas permissible
velocity

Table 1.
Representation of design variables
X; unit Design variables X, Xg
X, =y m Depth of flow 0.5 15
X, =b m Channel bed width 1 20
X3 =7, - Channel right side slope 0.2 3
X, = 7, - Channel left side slope 0.2 3

2.3. Constraint

2.3.1. Deterministic constraint

According to Table 2, the constraint of uniform flow is
considered to conduct the uniform flow in the channel [6].
Therefore, in this research, the Manning’s equation
constraint Horton's method was used to control uniform
flow and to calculate the equivalent roughness coefficient
[35]. Froud number constraint is included in order to avoid
development of critical flow in the optimal design of the
channel [14]. And the Channel top width is included to
control the cost of land acquisition [12, 13, 21]. The
minimum allowed velocity to prevent sedimentation is in
the range of 0.6 to 0.9 m/s and the minimum velocity to
prevent the growth of vegetation is 0.75 m/s [1]. The
minimum velocity allowed in channel design is in the range
of 0.75 to 0.9 [6]. In channels with a rigid boundary, the
maximum allowable velocity (VL) is the velocity that does
not cause erosion. Moreover, to ensure the conveyance of
the discharge through the cross-section, the mean actual

2.3.2. Overtopping probability constrained

The overtopping probability constrained for the optimal
design concept is used to design for safety against
overtopping [20].

The phenomenon of erosion and sedimentation as well
as runoff caused by unexpected rainfall can cause changes
in the design values of longitudinal slope, channel
roughness coefficients and flow discharge, which brings
uncertainty in the depth of flow in the channel. Therefore,
in this regard, from the first order analysis of uncertainty
and assuming a normal distribution for the design
parameters and the amount of flow passing through the
channel due to the occurrence of precipitation, there may
be changes compared to the initial design values that lead
to uncertainty. The condition of the probability of
overtopping is introduced as follows: The condition of the
probability of overtopping is in the form of Eg. 4.

b =ply>y+f)=P (4)

p(y >y +f), It is the probability of exceedance of
flow depth over the freeboard which should be equal to the
constant value of p.

The overtopping probability constraint is obtained in the
order of the following steps:

1) Determination equation of Horton's equation in

Manning's equation:
5/3
@y niky)3
2) Due to the probabilistic nature of flow discharge,
bed slope and channel roughness coefficients, it is
derived from the Eg. 6 to 8 with respect to
parameters y, ns, n,, nq, Sp:
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aQ (6)

3

5 Q.
_E_ A 4N aep
3G Py dy (LM )]

3
aQ 2 1 d , (7
d_nl- = _Q[§ (Z?:l n3/2P,)) d_m ((; n;? ZPwi)]
40 _ 0 (8)
ds, 28,

3) According to Chow's (1988) research, the variance
of y (52,) is dependent on the variance of Q (52),
variance of n; (S%,,), variance ofn, (S2,),

variance of Ny ($2,,,) and variance of S, (S ZSO ).

__! dQ ©)
Szy - (d_Q)z [SZQ + (d_nl)zsznl
dy

dQ

+ (=

2¢2
dnz) S%n,

By arranging equation (9) based on dQ/dy, the Eq. (9)
is written as Eq. (10):
dQ 1

dQ
dy S,

dn,

(10)

d0Q
1% + (g )7S%, + ()%™,

dQ 2¢2 dQ 2¢2 1
+ () S + (585 2

4) Therefore, by substituting Eq. (6), (7) and (8) in
equation (10), the standard deviation of the flow
depth is obtained according to the following

equation:

S% 1 202 1o & (11
B o T el
Y~ 5dA, 2

ady " méz—y (B n®2Py)]

5) Determining the standard deviation of the flow

depth based on the normal standard variable.

The standard normal variable Z is defined as

follows [6]:
X—u (12

o

In statistical calculations, u = X o = S, and Zis the
standard normal distribution variable whose value
is determined according to the overtopping
probability values and interpolation in the
cumulative distribution table of normal distribution
probabilities. In this research, (y) is replaced for the

7 =

variable. (X —u), Therefore, the variable is
defined as follows:

Z_y+f—y_L (13)
B Sy _Sy

In equation (13), f itis the freeboard of the channel,
which in this research is equal to 0.5meters.
f (14)
Sy = E
By setting Eq. (14) and Eq. (11) equal, the
overtopping constraint is defined as the following

equation.

S? 1 1 1
;3 e P S g ()
fp— L= U wiL 0
Z 5dA, 2

Ay L33, np,
A dy (Z?:l n3/2P,,) dy (@2 n3/2P,)]

Therefore, the constraint of overtopping probability
is defined as Eq. (16).
®s (16)
S? 1
¢ et SR
Z 5dA,, 2 d

3
Ady T, nip,dy (CEam®?Pu)]

1
Pwizszni + 48 25250]
)

2.4. Objective function

The first step in channel design is determining its
optimal dimensions to transfer the flow discharge with the
lowest construction cost. In this research, the total cost of
constructing one meter of canal includes the costs of
excavating (cross-sectional area) and lining the surfaces
(perimeter).

MinimizeCost = Cost(y, b, z4,2,) a7
C,=C+C, (18)

Where C,= Excavation cost is per unit of channel length

and C, = cost of channel lining is per unit of channel length.
C, = C.A; (19)

c,= excavation cost per unit cross-sectional area for a
unit length of the channel.

C, = cP; (20)
¢;= lining costs per unit length of the perimeter.

C=c,A+cP (21)
C=objective function equal to the total construction cost
of the channel consisting of excavation and lining cost.

2.5. Optimization algorithm

The SPSA algorithm is a powerful algorithm for the
optimization of complex systems that was developed and
expanded by SPAL in 1998. Among the features of the
SPSA algorithm is that in each optimization iteration,
regardless of the number of design variables, it only needs
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to evaluate the objective function twice. Therefore, the use
of this algorithm greatly reduces the volume of calculations
and reduces the total optimization time. [36] SPSA
algorithm has been effectively used in civil engineering,
especially in arch dam optimization [37-43]. The SPSA
algorithm is for optimization of unconstrained problems.
Therefore, in order to use it in solving bounded problems
with unequal constraints, it is necessary to replace the
objective function with the pseudo-objective function
obtained by using the method of external penalty functions:
i ’ (22)
W) = FO) +7, ) max[0,g;(0] = £(+)
j=1

= w(*) + noise

The above steps can be seen in the flowchart of Figure
(2).

To use SPSA algorithm for solving constrained
problems  with inequality constraints g; <0 (j =
1,...,m), it is necessary to replace the quasi-objective
function w obtained by the external penalty function
method with the objective function f (Eq. 22).

is a penalty multiplier. The flow chart of the SPSA
algorithm for the channel optimization problem can be
shown in Figure 2.

3. Results and discussion

In this article, design steps of the optimal trapezoidal
composite channel cross-section have been done by

considering the overtopping probability constrained in
different values of flow discharge using the SPSA
optimization algorithm. The flow discharge values are 10,
50 and 120 m¥/s respectively. These steps are as follows:

e Stepl: Das’s method is used to verify the results
was used to compare the results of the SPSA
algorithm. The values of flow discharge, Manning
roughness coefficients, bed slope, freeboard and
constant cost values are as follows: Q =

100™°/,, ny = 0.015 « n, = 0.015, ¢; = 0.5,
c; =03, ¢c3=035 ¢,=04, f=05m, S, =
0.0025

It should be noted that in the analytical model of
Das (2000), only Manning's constraint is specified
in the optimization process.

e Step2: Then, the model was developed with five
very important constraints including, uniform
flow constraint, Froud number constraint to
control the subcritical flow in the channel,
maximum velocity constraint to prevent scouring
in the channel, minimum velocity constraint to
control sedimentation in the channel and limiting
the Channel top width were investigated to reduce
the cost of the land area in order to provide the
optimal shape of the channel section. The
aforementioned restrictions are also called
definite restrictions.

Stepl:
Initialization and
coefficientselection

Step2:

Genaralion of the
simultaneous
parturbation vector

N

o

_ a
A+ k+ D"

Cr

Set the counter index k=0 and initisl pon-negstive coefficients s, ¢, A, o, and y:

ca

(k+1)7

T
c
A =B By B B)' 6 =— -8
i (A+R)"
Xow=X,—6-4 X, =X,+¢, -4,

Stepd:
Fitness function

Stepd:

Gradisnt apprommation

4

=

Ohbtain twe measuremeants of the fitness function £{0) around the
current desien vector £

evaluations. s

K=kel

Approximate the unknewn gradient & (£, C‘; = _%’ = ]:“"LJ
L2

2-c,-A,

Step 5:
Upsdating i estimate

Step 6:
lteration or

No

termination?

Figure 2. The flow chart of SPSA algorithm [32]
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Table 3
Comparison of the optimization results of the trapezoidal composite channel section with the analytical model method of Das (2000)
Parameters
y(m)  b(m) Z1 Z2 f(m) COST
Model
Das (2000) 4033 6404 0253 0292 05 22935
SPSA model (uniform flow) 4.0327 6.410 0.249 0.293 05 229354
SPSA model (total constraints) 4013 6305 0305 0.297 05 22,9444
Comparing the results of the current model with cost using of the SPSA algorithm in similar
the results of the analytical method of Das (2000) optimization conditions is less than the analytical
shows that th_e SPSA_ algorithm_ has a very good model of Das (2007).
conve;rge;:e in reaching the dezlred solution. " e Step4: the optimization is considered with the
° St ter ver|fy|ng. and. ensuring the overtopping probability by taking into account all
correctness of the model in the first and second the constraints to optimize the cr tion of th
steps, the optimal shape of the compound ons S10 OF_) € the cross-sectio 9 €
trapezoidal channel section was obtained using composed trapezoidal channel. that the input
the SPSA algorithm with the model of Das values are the same as the values of the third step
(2007), which input data of flow discharge values, and the optimal design is based on the flow
roughness coefficients Manning, bed slope, discharge values of 10, 50, and 120 (m”3/s).
freeboard and cost values in the validation section In this study, the optimization method was
are as follrc;lvgs: repeated by changing the flow discharge. The
Q =120™/g, ny = 0.033 « n, = 0.028, ny = obtained results are summarized with tables and
0.023,c;, = 0.5, ¢, = 0.3, ¢3 = 0.35, ¢, = 0.4, graphs.
f =0.5m, S, =0.0025 Table 4
At this step, the values of the standard deviation Comparison of the optimization results of the trapezoidal composite
of flow discharge, roughness coefficients and the channel section with the analytical model method of Das (2007) by
bed slope of channel of the model (Das, 2007) are considering the possibility of flooding with the SPSA algorithm.
‘ COST P S
as follows: y
S, = 51.89414, S; =0.00356, S, =0.00572, S, = Das (2000) 4033 6404  0.253
y ' ’ SPSA model 40327 6410 0.249
000445, Sn3 = 000356 (uniform ﬂOW) . . .
In Table 4, the comparison of the results obtained SPSA model (total constraints) 4013 6305 0.305
from the analytical model of Das (2007) with the Tables 5, 6 and 7, show the optimal values of flow
results related to the optimization of the cross- depth, channel bed Wldth, left and rlght-SIde Slope of the
section of the composed trapezoidal channel by channel, flow velocity, Froude number and channel
considering Manning's constraint and the construction cost at different overtopping probability
overtonping brobability constraint correspondin values. The flow discharge values in this paper are 10, 50
pp. g P y P g and 120 m3/s and the freeboard value are 0.5 meters.
to the minimum cost shows that the amount of
Table 5

Optimal values of design variables, constraints and objective function using SPSA algorithm for flow discharge Q=10 m%/s

b y(m)  b(m) b2 2 f  V(mls) Fr Cost
001 1756 2167 0613 0597 05 1763 0490 6.565
005 1834 2119 0502 0564 05 1762 0476 6.491
0.1 1887 2092 0443 0534 05 1758 0467 6.456
015 1928 2069 0438 0484 05 1754 0460 6.436
02 1977 2048 038 0469 05 1749 0452 6.418
025 2036 2045 0334 0426 05 1742 0440 6.400
03 2084 2033 0305 0397 05 1736 0432 6.39
035 2124 2031 0201 0358 05 1730 0424 6.392
04 2175 2037 0253 0329 05 1722 0415 6.3%
045 2199 2044 0261 0288 05 1718 0410 6.395
05 2238 2057 0217 0279 05 1711 0402 6.403
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gg:?n?al values of design variables, constraints and objective function using SPSA algorithm for flow discharge Q=50 m®/s
D y(m)  b(m) 7 2, f V(m/s) Fr Cost
0.01 3234 4043 0529 058 05 2642 0537 15.847
005 3333 3945 0520 0527 05 263 0527 15798
0.1 3427 3838 0494 0504 05 2629 0519 15774
015 3495 3795 0454 0493 05 2625 0512 15751
0.2 3561 3742 0442 0467 05 2619 0506 15.743
025 3614 3733 0412 0450 05 2615 0500 15.731
03 3798 3730 0351 0355 05 2596 0478 15.729
035 3820 3738 0361 0325 °° 2503 0475 15735
04 3893 3748 0321 0306 O° 2585 0467 15.750
045 3941 3798 0275 0.294 05 2579 0460 15.763
05 3081 3817 0278 0258 °° 2572 0454  15.780
Table 7
Optimal values of design variables, constraints and objective function using SPSA algorithm for flow discharge Q=120 m%/s

b y(m)  b(m) 7 b2 f  V(mls) Fr Cost

001 4306 6450 0465 0444 05 3314 0566 26.763
005 4348 6439 0443 0428 05 3313 0562 26.733
0.1 4386 6387 0436 0420 05 3311 0559 26.722
015 4500 6170 0430 0418 05 3302 0553 26.717
0.2 4561 6084 0426 0405 05 3297 0548 26.714
025 4666 5947 0402 0400 05 3289 0541 26.710

03 4808 5898 0354 0360 05 3278 0528 26.705

035 4861 5924 0328 0338 °° 3273 0522 26707

04 4013 5942 0317 0308 O° 3267 0517 26718
045 4946 5984 0286 0300 °° 3264 0512 26725

05 4956 6.021 0267 0.298 05 3.262  0.510 26.728

B.60 0.7+ 0.7 4 2204 244

——y
6554 064 06+ it
2.16 4 i
1 224 -z
= E - #- Cost
650+ __ 064 —~ 06-E =
= T =
% = g 12 2ndg
5] % g 5
T ga54 * 0.4 § 042 k20
R S
I5) T 2.08 4
5 § B 2.08 %
6.40 E 034 g M—E. 8
3 g g 1.8 4
< 2.04
6354 02{ o024
6,30 - 0.1 0.1 - 2.00 - 1.6 T T 1
0.0 02 0.4 08

Overlopping Probability

Figure 3. Results of optimization of composed trapezoidal cross-section using SPSA algorithm for flow discharge of 10 m%/s
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Figure 5: Results of optimization of composed trapezoidal cross-section using SPSA algorithm for flow discharge of 50 m®%s
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Figure 6. Results of optimization of composed trapezoidal cross-section using SPSA algorithm for flow discharge of 120 m%s

Figures 3 to 6 show the changes in the optimal values of
flow depth, channel bed width, left and right-side slope of
the channel, flow velocity, Froud number and channel
construction cost with overtopping probability values using
the SPSA algorithm. The result show that with increasing
probability values, the flow depth increases and, in
contrast, with the left and right-side slopes of the channel
section, the flow velocity and Froud number decrease.
These changes are also valid for all discharge values of 10,
50 and 120 m3/s. The values of the channel bed width and
channel construction cost are first decreasing and then
increasing. So that initially, with increasing overtopping
probability values, the channel bottom width and
construction cost decrease, but at a discharge of 10 m3/s
from an overtopping probability value of 0.35 and above,
and for flow discharge values of 50 and 120 m3/s from an
overtopping probability value of 0.3 and above, the channel
bottom width and construction cost increase with
increasing overtopping probability values.

In Figure 7, the graph shows the changes in flow
discharge values with overtopping probability values at
flow values of 10, 50, and 120 m%/s.

=10 @50 ®Wi00

Optimal Cost

Overtopping Probability

Figure 7: Comparison of the cost of constructing a compound
trapezoidal canal for different overtopping probability values and
discharge values of 10, 50, and 120 (m?%s).
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Figure 8: Optimal flow velocity values- overtopping probability
relationship for different flow discharge values

Figure 8, shows the optimal values of flow velocity in a
composed trapezoidal channel for different overtopping
probability values (from 0.01 to 0.5) and flow discharge
values of 10, 50, and 120 m%/s. with the flow velocity
decreasing as overtopping probability values increase.
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-
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Figure 9: Optimal Froud values - overtopping probability relationship
for different flow discharge values

Figure (8) shows the values of the Froude number in a
composed trapezoidal channel for different overtopping

probability values (from 0.01 to 0.5) and flow discharge
values of 10, 50, and 120 m%s. As the overtopping
probability values increase, the Froude number decreases.

4. Conclusion

In this study, the effect of uncertainty in the optimal
design of a composed trapezoidal channel is presented. The
effect of discharge is investigated by considering different
values in these models on the design variables, constraints,
objective function and geometric parameters and channel
design, at different overtopping probability values. The
results show that at a certain flow discharge value, with
increasing overtopping probability values, the flow depth
increases, but the left and right-side slopes, flow velocity
and Froude number decrease. The changes in overtopping
probability values are somewhat different with the channel
bed width and cost function, so that the channel bed width
and channel construction cost first decrease and then
increase with increasing probability values. Accordingly,
for a flow discharge of 10 m3/s and for an overtopping
probability value of 0.35 and above, and for flow discharge
values of 50 and 120 m3/s from an overtopping probability
value of 0.3 and above, the channel bed width and
construction cost increase with increasing overtopping
probability values.
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Government of Sigchos Canton. The methodology used included a non-experimental
research approach, with an explanatory, descriptive, and correlational design. Surveys were
conducted with the legal representatives of the parish councils to gather primary information,

while secondary information was obtained through bibliographic and documentary review.

The results from the market study reveal significant demand and acceptance from the parish Egg\rllvc?r;?(s:.feasibility
representatives toward the production of vehicular pavers, supporting the need to improve Paver block factory

local road infrastructure and economic development. A market opportunity was identified Municipal Decentralized
both in government projects and private initiatives, with an estimated daily demand of 2,800 Autonomous Government of
paver units. Sigchos Canton

As for the technical study, efficient production processes were designed, with rigorous Technical legal

quality control measures and an annual production capacity of 2,880,000 pavers. The
administrative-legal analysis reflects a comprehensive and proactive approach to meeting
legal and regulatory requirements, including the decision to establish a Corporation (S.A.)
and obtaining the necessary permits for the factory’s operation.

Finally, the financial study results indicate that the project is economically viable, with a
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average profitability (AP), and Benefit-Cost Ratio (BCR), supporting the project's
feasibility.
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1. Introduction

The planning and execution of road infrastructure
projects are crucial for the sustainable development of local
communities. In this context, the Municipal Decentralized
Autonomous Government of Sigchos Canton, located in
the province of Cotopaxi, faces the need to improve its road
network to meet the growing mobility demands of its
population [1-3].

In line with this need, the establishment of a Heavy-
Duty Paver Block Factory presents a strategic opportunity
for Sigchos Canton. research highlighted that, "the
production of pavers not only improves road infrastructure
but can also have a significant impact on local economic
development™[4] .

In response to this situation, this thesis aims to examine
the feasibility of developing a Heavy-Duty Paver Block
Factory for the Municipal Decentralized Autonomous
Government of Sigchos Canton. The study seeks to apply
a methodology that determines the technical and financial
feasibility of this project. It is expected that the
implementation of best practices from this guide will have
a positive impact on the project's success. The feasibility
study will address various studies and factors involved in
assessing the viability of a project of this nature [5].

Table 1
Product Characteristics

1.1. Research Methodology

The main objective of this research chapter is to
evaluate the feasibility of establishing a heavy-duty paver
block factory for the Municipal Decentralized Autonomous
Government of Sigchos Canton, analyzing the impact of
macroeconomic variables on the production sector.
Specifically, it seeks to identify opportunities and threats
for the project, determine its economic viability through
key indicators, and calculate the necessary investment. The
research, classified as non-experimental, descriptive,
explanatory, and correlational, uses a quantitative
approach.

A survey was conducted with the legal representatives
of the Parochial GADs to collect primary data,
complemented by a bibliographic review. The population
corresponds to Sigchos Canton and its 4 parishes, while the
sample will be selected by convenience, defined according
to Leiner [6] as a method adopted by researchers in which
market study data is collected from a conveniently
available group of respondents. It is the most commonly
used sampling technique because it is fast, simple, and
economical. In many cases, members are selected based on
their accessibility to form part of the sample, and the
researcher chooses members simply based on proximity;-

PEDESTRIAN PAVER

VEHICULAR PAVER

Dimensions: 20 centimeters in length, 10 centimeters in width, and 8

centimeters in height.
Strength: Supports a load of 350 kilograms-force.
Ingredients for manufacturing 120 units:
Fine macadam: 91 kilograms
Stone: 91 kilograms
Cement: 50 kilograms
Water: 21 liters

Dimensions: 23 centimeters in length, 17 centimeters in width, and 8.5

centimeters in height.

Strength: Capable of supporting a load of 400 kilograms-force.
Materials required to manufacture 50 units:

Sand: 91 kilograms
Gravel: 91 kilograms
Cement: 50 kilograms

Water: 21 liters
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using this technique, habits, opinions, and viewpoints can
be observed in the easiest possible way. Therefore, in this
project, the sample will correspond to the presidents.

The data analysis was based on descriptive statistics to
assess the supply and demand of the project. Through an
analytical-synthetic analysis, the entire production process
was studied, from supply to distribution, in order to
identify improvements and optimize production.

1.2. Data Analysis

The initial analysis was based on the product
characteristics (Table 1), where, thanks to primary sources
at the GAD, it was possible to establish the requirements
and specifications for the product in accordance with
demand.

The cobblestone can be considered an effective road and
social solution due to its durability, resistance, and ability
to enhance urban aesthetics. Additionally, its use can
promote social interaction by creating more pleasant and
safer spaces for pedestrians. In rural areas, cobblestones

can also be beneficial by improving accessibility and road
infrastructure, thus contributing to local development.

The Decentralized Autonomous Municipal Government
of Sigchos, as part of its responsibilities, is in charge of the
proper maintenance of the urban road circuit of the canton.
Most of these roads currently consist of unpaved or gravel
surfaces (figure 1), which need to be improved through the
implementation of vehicular cobblestones with a resistance
of 350 kg/cm2 To achieve this goal, the execution of
additional subprojects will be required.

The demand for cobblestones is based both on the
paving requirements presented by the Decentralized
Autonomous Government (GAD) and on additional needs
that may arise from private projects. To determine the
demand for cobblestones from the GAD, the following
projects for the next 5 years were considered, as shown in
Table 2.

On the other hand, the demand from private companies
was considered. The three representatives interested in
acquiring vehicular cobblestones are distributed as shown
in Table 3.
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Table 2

Requirements for Vehicular Cobblestones from GAD Projects in Sigchos

NO. Location Length (M) Width Area (M?) Cobblestones
(M) (Units)
1 Chugchilan 152.4 95 14478 30404
2 Guayaquil 265 86 2279 47859
3 Topalivi 352 8.06 2837.12 59580
4 Culacusig 72 6 432 9072
5 Dr. Rodrigo 172 7 1204 25284
Borja
6 Viaal 305 6 1830 38430
Calvario
TOTAL 1318.4 10029.92 210629

Table 3

Requirements for Vehicular Cobblestones from the Representatives of Sigchos

Number of

Quantity of Cobblestones per Month

Total Cobblestones per

Total Cobblestones per Day

Month
Representatives
15 3500,00 52500 ,00 2625,00
RAW MATERIAL RECESTION TRANSFORMATION OF RAW QUALITY CONTROL Financial Director
MATERIAL

RAW MATERIAL
SELECTIO

RECEIPT AND
VERIFICATION OF
RAW MATERIAL

Fig.2 Proceso de produccién

SELECTION AND
STORAGE OF
MATERIALS

DOSING AND
MIXING

PRODUCTION OF
PAVERS

VERIFICATION OF

PAVER CONDITION

!

Yes

ACCEPTANCE OF PAVERS

1 No, no

RE-ENTRY INTO THE

PROCESS
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This demand corresponds to 2,625 vehicular
cobblestones per day to meet the needs of private
companies, as no interest was observed in purchasing
pedestrian cobblestones. The current project exclusively
addresses the production of vehicular cobblestones.
Additionally, considering the projects of the GAD, the total
number of cobblestones required daily is 2,800 units.

1.3. Performance Indicators

The fundamental purpose of incorporating the project's
feasibility evaluation is to optimize the production process,
making the most of the available resources and achieving a
high-quality final product at a reduced cost.

To standardize the product requirements, we will rely

solely on the INEN 3040 standard for Concrete
Cobblestones [7], which establishes the necessary
requirements and testing methods. This standard will be the
main guide in our research project, ensuring that our
product meets the quality and strength standards required
in the industry (Fig. 2).
The production process of the paving stone, taking into
account the raw material specifications and design
established in the product architecture, is described as
follows:

1. Preparation of raw materials: The process begins
with the selection and purchase of high-quality
materials that meet the specifications of the INEN
3040 standard. A crushing and mixing process of
the materials, such as cement, aggregates, and
water, is carried out to obtain a homogeneous
mixture.

2. Dosage of aggregates: This is a critical step in the
paving stone production process, as it ensures that
the mixture has the appropriate properties to meet
quality standards.

3. Preparation of the mixture: This determines the
physical and chemical properties of the final
product.

4. Manufacturing of paving stones: This involves the
production of concrete blocks designed for paving
surfaces. It includes the preparation of the
concrete mixture, the molding of the blocks, and
their curing to ensure strength and durability.

5. Setting of the paving stone: During setting, the
concrete undergoes a chemical reaction known as
hydration, where cement combines with water to
form a gel that binds the aggregates. This process

is fundamental for the strength and durability of
the paving stones.

6. Curing of the paving stone: This is the process of
maintaining adequate moisture and temperature in
the freshly made paving stones to allow the
concrete to achieve its optimal strength and
durability. This process typically lasts several
days and can be carried out using methods such as
air curing, steam curing, or mist water curing.

7. Storage of paving stones: It is important that
storage is carried out in a flat, firm area, away
from moisture and protected from the elements to
prevent damage. Paving stones should be stacked
in a way that prevents warping or cracking, and it
is recommended to use spacers between layers to
avoid them sticking together.

Table 4
Annual Production of Paving Stones
Raw Material Total Daily Total Annual Paving
Paving Stones Stones
Cement

Stone Dust 4,000 daily (2 lines would be 2.880.000,00
8,000 daily)

Gravel type 3/8
Water

2. Development of the Financial Analysis

An instrument that measures the time required for the
net cash flows of an investment to recover its initial cost or
investment is the Payback Period.

PAYBACK 1N
(TOTAL INVESTMENT - NET CASH FLOW YEAR 1)
- NET CASH FLOW YEAR 2
($85344,73 — $238625,52)
$234710,95
PAYBACK = 0.065 X 360
PAYBACK = 6 MONTHS 5 DAYS

The payback period for the investment will occur in 6
months and 4 days, which is feasible since it falls within
the project's useful life.

The Net Present Value (NPV) is a procedure that
calculates the present value of specific future cash flows
generated by an investment. It is defined as the difference
between the revenues and expenses at updated values, or
the difference between net income and the initial
investment. In other words, the net present value is simply
the updated sum of all benefits, costs, and investments of
the project. Practically, it is the updated sum of the net cash
flows for each period [8].

PAYBACK =
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Table 5

Payback Period of the studied project
Period Investment Net Cash Flow Cumulative

%) Net Cash

(year) %) Flow ($)
0 85,344.73 $
1 238,625.52 238,625.52 $
2 234,710.95 $ 473,336.47 $
3 233,811.20 707,147.67 $
4 232,564.04 $ 939,711.71 %
5 230,160.75 $ 1,169,872.46 $
6 223,725.73 $ 1,393,598,19 $
7 219,542.89 $ 1,613,141.08 $
8 212,576.01 $ 1,825,717.09 $
9 208,807.18 $ 2,034,524.27 $
10 202,241.00 $ 2,236,765.27 $
Total 85,344.73 $

For the calculation, an update factor of 3.20% is used,
which corresponds only to the estimated inflation for the
year 2025 as provided by the Central Bank, since the
Municipal GAD of the Sigchos Canton is not an investor;
therefore, the passive rate offered by the financial system
for savings is not taken into account.

The NPV (Net Present Value) can be calculated as follow:

NPV = Z(Updated Net Cash Flow (2

— Updated Investment)
NPV = 1,812,081.54 $

The net present value of the project is $1,812,081.54,
which is a figure greater than zero, indicating that the
investment will yield returns above the required rate of
return (Table 6).

The benefit-cost ratio is an indicator that separates the
updated revenues and expenditures of the project and the
relationship between them (Table 7). It determines how
many times the revenues exceed the expenditures.

The Benefit-Cost Ratio can be calculated as follow:

BC = Y( Net Cash Flow) ©)

" Current Investment
BC =22.23

The profitability of a project is a financial indicator that
measures the project's ability to generate economic benefits
in relation to the initial investment made

2024-v0l6(4)-p 52-59
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Table 6
NPV (Net Present Value) of the studied project
Period Current Values Discount Factor Updating Factor
Investment Net Cash Flow Investment Net Cash Flow
0 85,344.73 $ 1 85,344.73 $
1 238,625.52 $ 0.969 231.228.13
2 234,710.95 $ 0.939 220.393.58
3 233,811.20 $ 0.91 212.768.19
4 232,564.04 $ 0.882 205.121.48
5 230,160.75 $ 0.854 196.557.28
6 223,725.73 $ 0.828 185.244.90
7 219,542.89 $ 0.802 176.073.40
8 212,576.01 $ 0.777 165.171.56
9 208,807.18 $ 0.753 157.231.81
10 202,241.00 $ 0.73 147.635.93
Total 2,236,765.27 $ 85,344.73 $ 1,897,426.27 $
Table 7 supporting the need to enhance local road infrastructure
Benefit-Cost Ratio and promote economic development. Additionally, a
Period Investment Net Cash Flow market opportunity is identified in both government
Updated Cash projects and private initiatives, with an estimated daily
0 85,344.73 $ demand of 2,800 units of vehicular pavers. The absence of
1 231.228.13 local manufacturers presents a significant opportunity for
2 220.393.58 establishing a paver factory in the region, which can
3 212.768.19 leverage direct marketing channels to effectively reach
4 205.121.48 consumers.
5 196.557.28 In summary, the study suggests a favorable outlook for
6 185.244.90 the production and marketing of vehicular pavers in
7 176.073.40 Sigchos canton, backed by robust demand and the lack of
8 165.171.56 local competition. The technical study focused on the
9 157.231.81 product architecture and production process of both
10 147.635.93 vehicular and pedestrian pavers, adhering to standards such
Total 85,344.73 % 1,897,426.27 $ as INEN 3040. Efficient processes were designed, covering
everything from material selection to the storage of
Table 8 finished products, with an annual production capacity of
Project Profitability 2,880,000 pavers. Rigorous quality control measures and
Profitability balances of raw materials and personnel were established,
Project Cost 561,712.88 while fixed asset and manufacturing costs were
Sale Cost 792,000,000 $ meticulously analyzed. A retail price was determined with
Profit USD$ 230287.12 $ a 30% profit margin, following validation of its acceptance
Profitability 21.00 % through a survey, and specific areas were allocated within

The table demonstrates that with an initial investment
(project cost) of $561,712.88, the brick factory generated
sales amounting to $792,000.00, resulting in a profit of
$230,287.12. This translates to a profitability of 41%
(Table 8).

3. Results and Discussion
The market study reveals a strong demand and

acceptance among representatives of the parishes in the
Sigchos canton for the production of vehicular pavers,

the manufacturing plant to ensure operational efficiency.
The administrative-legal analysis conducted for the
establishment and operation of the high-traffic paver
factory in Sigchos canton reflects a comprehensive and
proactive approach to meeting legal and regulatory
requirements. The decision to form a Corporation (S.A.) is
based on the separation of responsibilities between
shareholders and the company, providing stability and
flexibility in business management. Furthermore, the need
to complete legal processes such as obtaining the Unique
Taxpayer Registry (RUC), Land Use Permit, Municipal
License, and Environmental Permit demonstrates a
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commitment to legality and environmental respect.
Additionally, the analysis of labor obligations established
in the Labor Code ensures the protection of workers' rights.

The financial study results indicate that the project is
economically viable, as evidenced by positive outcomes in
the Net Present Value (NPV), Payback Period (PP), and
Benefit-Cost Ratio (BCR). Moreover, the short payback
period of six months and the high profitability of 41%
further corroborate its financial viability.

4. Conclusion

The conducted study demonstrates the high viability of
establishing a high-traffic paver factory in Sigchos canton.
The unmet demand from local parishes, combined with the
absence of direct competitors, creates a potentially
lucrative market. From a technical perspective, an efficient
and high-quality production process has been designed,
complying with current regulations. Additionally, the
administrative-legal analysis ensures adherence to all legal
and labor requirements. Finally, the financial assessment
reveals the project's robustness, with positive economic
indicators supporting its short-term profitability. In
conclusion, the establishment of this factory not only
addresses a local infrastructure need but also represents an
opportunity for economic development in Sigchos canton.
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