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A B S T R A C T 

The use of engineered cementitious composites (ECC) in structural repair and rehabilitation is 

becoming more and more common because of their strain-hardening behavior, controlled crack-

ing, and better durability. Polypropylene fiber-reinforced ECC has even more benefits like being 

resistant to corrosion and saving money, however its mechanical performance is very much af-

fected by the changes in mix composition and the amount of fiber used in the mix. The traditional 

approaches in mix design are mostly based on either carrying out large-scale experimental trials 

or using complex micromechanics-based formulations, which are both time-consuming and not 

very applicable in practice. On the other hand, although the use of Artificial Neural Networks 

(ANNs) for modeling the behavior of different cement-based materials has been successful, its 

use in the case of polypropylene fiber-reinforced ECC is still limited. The present study aims to 

develop an ANN-based predictive framework to predict compressive and flexural strength of 

polypropylene fiber-reinforced ECC by using the parameters of the mix design. A detailed exper-

imental program with compressive strength and three-point bending tests was performed with 

different polypropylene fiber contents to study the ECC mixtures. ECC mixtures containing 0–

2.0% PP fibers were experimentally tested at curing ages of 14, 28, and 56 days. The results in-

dicate that an optimum PP fiber content of 1.5% yielded the highest mechanical performance, 

achieving compressive strengths of 31.95 MPa, 47.95 MPa, and 50.61 MPa, and corresponding 

flexural strengths of 13.41 MPa, 17.50 MPa, and 24.12 MPa at 14, 28, and 56 days, respectively. 

For making the model more robust and generally applicable, the experimental results were 

merged with the data from published literature that was carefully selected for ANN training and 

validation. An ANN model trained using 105 datasets (experimental and literature-based) 

demonstrated strong predictive capability, with coefficients of determination (R²) of 0.955 and 

0.963 for compressive and flexural strength during training, and 0.953 and 0.975 during testing, 

respectively. The mean absolute percentage error remained below 8.2% for both strength pa-

rameters. The proposed model shows a very strong agreement between the values of strength 

predicted and those measured in the experiments, as it is able to capture the non-linear relation-

ship between the composition of ECC and its mechanical performance. The framework that has 

been developed is a practical tool for the optimization of ECC mixes and assessment of their per-

formance, particularly for applications involving the rehabilitation of buildings where accurate 

predictions and efficient design of materials are of utmost importance. 
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1. Introduction 

Critical infrastructure construction is greatly relying 
on cementitious materials, which are the most easily 
available, least costly, and strongest in compression 
among all construction materials. However, traditional 
cement-based concretes display a quasi-brittle behavior 
with very low tensile strength, thus they crack and fail 
suddenly under dynamic and impact loads. The above 
shortcomings have a negative impact on the lifespan of 
the structure, maintenance, and serviceability, therefore 
the search for new cementitious materials with better 
ductility, crack control, and damage tolerance is encour-
aged. 

Concrete has been in great demand and the construc-
tion industry has been developing so fast that its demand 
is now even higher. The use of concrete in infrastruc-
tures and buildings is a factor that has led to its massive 
global production. Ordinary concrete is made mainly of 
cement, fine and coarse aggregates and is characterized 
by its very good compressive strength but at the same 
time very weak tension. That is why different methods 
for strengthening concrete, such as using steel reinforce-
ment, are widely applied in making the material able to 
withstand tension and cracks. The scenario of concrete 
has changed and the need for high-strength concrete has 
also increased very quickly due to modern construction 
practices with their own performance demands. On the 
contrary, research has shown that conventional concrete 
becomes more brittle as its compressive strength in-
creases, which limits its application to non-ductile areas. 
The need to counter this problem has led to the introduc-
tion of new advanced cementitious materials with supe-
rior ductile behavior, such as the use of engineered ce-
mentitious composites (ECC), which are now being con-
sidered for structural and rehabilitation purposes (Ud-
din et al. 2024).  

Engineered cementitious composites have turned out 
to be a new type of high-performance material that can 
effectively eliminate the drawbacks of the traditional 
construction materials (Li et al. 2001). ECC is one of the 
very few composite that can withstand high tensile 
strain and at the same time develop many tiny micro-
cracks with precisely controlled widths, instead of large 
localized cracks. In contrast to regular concrete, ECC 
generally does not contain any coarse aggregates and de-
pends on a very carefully controlled mixture of cementi-
tious binders, fine aggregates, and short discrete fibers 
to attain the desired enhancement in mechanical perfor-
mance. Because of these characteristics, ECC, which is of-
ten known as flexible concrete, has not only been that 
much utilized in the above-mentioned fields but also in 
structures, bridge decks, seismic-resistant systems, and 
repair and refurbishment where ductility and durability 
are the main requirements. 

Extensive studies have demonstrated that fiber-rein-
forced ECC exhibits superior tensile strength, pseudo 
strain-hardening behavior, and high energy absorption 
capacity when compared to conventional fiber-rein-
forced concretes (Liu et al. 2023). The mechanical per-
formance of ECC is highly influenced by the properties of 
the fibers and the composition of the mix (Wang and Li 
2006; Yu et al. 2015). As a result, research has been con-

ducted on the performance enhancement of ECC under 
compression and tension loading with the addition of 
polypropylene fiber (PP) (ChiaHwan and JianBo 2014; 
Hossain et al. 2024; Zhu et al. 2021). Among various fiber 
types, polypropylene fibers have attracted increasing at-
tention due to their low density, corrosion resistance, 
cost-effectiveness, and favourable interaction with the 
cementitious matrix. ECC mixtures incorporating poly-
propylene fibers in the range of 0–2.0% by volume has 
been reported to show notable improvements in flexural 
performance, ductility, and crack resistance. In addition, 
ECC systems incorporating functional fibers have 
demonstrated self-sensing and multifunctional capabili-
ties, further expanding their application potential (Han 
et al. 2015).  

Despite these advances, the mechanical and func-
tional properties of ECC remain highly sensitive to vari-
ations in mix design parameters, fiber volume fraction, 
and constituent material proportions. The exact fore-
casting of prominent performance measures like com-
pressive strength, flexural strength, and crack behavior 
based solely on mix composition remains one of the 
hardest problems to solve. Nevertheless, micromechan-
ics-based theories do help in the design of ECC some-
what by connecting fiber–matrix interactions to macro-
scopic behavior (Fischer and Li 2007), however, their 
application in practice is frequently restricted by re-
quirements such as detailed microstructural calibration, 
huge experimental validation, and numerical simula-
tions. 

The research on engineered cementitious composites 
has moved from purely strength enhancement to much 
more diverse fields including crack control, durability, 
multifunctionality, and data-driven material design. At 
the same time, the enhancement of the mix optimization 
methods, supplementary cementitious materials, and 
microstructural tailoring have all contributed to the sus-
tainability and applicability of ECC. The material innova-
tions are not the only factor, there is also the growing 
adoption of artificial intelligence techniques, such as 
neural networks and machine learning regression mod-
els, which have been used to predict the mechanical and 
durability properties of cement-based materials. The use 
of these techniques has proven to be highly effective in 
identifying nonlinear relationships, which are usually 
difficult to pinpoint with either analytical or empirical 
models. This study is moving the field of ECC forward by 
combining experimental research with ANN-based mod-
eling, thus making ECC research relevant to contempo-
rary data-driven material design and simultaneously 
solving the issue of performance prediction. 

In the past few years, Artificial Neural Networks 
(ANN) have been acknowledged as the best means for 
modeling intricate and non-linear relationships among 
materials based on cement. The brain-inspired develop-
ment and the ability of ANN to perform tasks simultane-
ously make it ideal for handling problems with analytical 
models that are not competent enough. Models that are 
built using ANN approach have already been tested and 
proven to predict mechanical properties of a number of 
cementitious systems, such as confined concrete col-
umns (Oreta and Kawashima 2003), self-compacting 
concrete (Nehdi et al. 2001), elastic modulus and con-
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crete strength (Demir 2008), autoclaved aerated con-
crete (Michelini et al. 2023), fiber-reinforced concrete 
(Ashwini et al. 2024; Kavya et al. 2022) and GGBS-based 
concrete composites  (Bilim et al. 2009; Kavya et al. 
2025). These works are the testimony of the capability 
of ANN models to accurately represent the nonlinear be-
havior of materials. However, the direct application of 
ANN techniques to engineered cementitious composites, 
particularly polypropylene fiber-reinforced ECC (Haque 
et al. 2024), remains limited. Unlike conventional and ge-
neric fiber-reinforced concretes, ECC behavior is gov-
erned by distributed micro-cracking and strain-harden-
ing mechanisms, which are not explicitly addressed in 
most existing ANN studies.  

Recent research on ECC has focused on expanding its 
mechanical performance, sustainability, and predictive 
modelling capabilities. A recent comprehensive review 
highlights advancements in ECC properties, design strat-
egies, ductility performance, sustainability measures, 
and applications in structural engineering, including ten-
sile strain capacities up to 8% and improved crack con-
trol behavior (Odeyemi et al. 2025). Statistical evalua-
tions of ECC mixes with various fiber types, including 
polypropylene, PVA, and glass fibers at different per-
centages, have provided insights into the influence of fi-
ber type and dosage on mechanical and fracture perfor-
mance (Shabakhty et al. 2024). Sustainable ECC formu-
lations using high slag and polypropylene fiber contents 
have demonstrated tensile strain exceeding 3% and im-
proved energy absorption with additional mesh rein-
forcements (Saljoughian et al. 2024). In parallel, recent 
machine-learning approaches have been developed to 
predict ECC mechanical behavior beyond conventional 
strength measures, including ANN-based models for full 
tensile stress–strain curves and ANN predictions for pol-
yethylene fiber–based ECC performance. These studies 
reflect emerging trends in ECC research, incorporating 
advanced materials, sustainability considerations, and 
data-driven predictive modelling (Riaz et al. 2023).   

The innovation of this research is to the extent of the 
combined experimental and soft computing methods 
that were used to assess and forecast the mechanical 
performance of polypropylene fiber-reinforced ECC. The 
current study carries out systematic integration of ex-
perimentally generated data with chosen literature data 
to create a strong and all-encompassing dataset. An ANN 
based predictive model is created and statistically veri-
fied for the purpose of providing an accurate estimate of 
compressive and flexural strengths, based on the param-

eters of mix design. The nonlinear influence of key mix 
design parameters on compressive and flexural strength 
is captured by the proposed model in a way that reflects 
ECC-specific deformation mechanisms through the inte-
gration of these data sources. This framework estab-
lishes a direct data-driven relationship between the 
composition of ECC and its mechanical performance 
without the need for complex micromechanical assump-
tions or extensive trial-and-error testing. 

Despite extensive research on engineered cementi-
tious composites, limited studies have systematically in-
vestigated the combined effects of polypropylene fiber 
content on mechanical performance, microstructural be-
havior, and predictive modeling within a unified frame-
work. In particular, the majority of existing studies focus 
either on experimental strength characterization or on 
data-driven modeling, with minimal integration of SEM-
based microstructural evidence to explain strength en-
hancement mechanisms. Furthermore, ANN models spe-
cifically developed for polypropylene fiber-reinforced 
ECC remain scarce. Therefore, the present study ad-
dresses this gap by experimentally evaluating compres-
sive and flexural behavior, correlating microstructural 
observations with mechanical performance, and devel-
oping an ANN-based predictive model, thereby provid-
ing a comprehensive understanding of polypropylene fi-
ber-reinforced ECC. 
 

2. Materials and Method 

The mechanical properties of bendable concrete are in-
fluenced by the combination of the fiber strength, its 
elastic modulus, interaction between the fiber and ma-
trix, fine particles and cement paste. To carry out the ex-
perimental inquiry, multiple ratios of cement, fly ash and 
fine aggregates were adopted as per the relevant Indian 
Standards. Moreover, high-range water-reducing agent 
was added to the concrete mix for the purpose of im-
proving the workability and the durability of the con-
crete. This ensured that the compatibility with building 
components was optimized for the water content. Poly-
propylene fibers are incorporated in the concrete to min-
imize cracking due to drying shrinkage as well as plastic. 
The fine dispersion of fiber helps to limit water percola-
tion by clogging channels like pores and capillaries, thus 
restricting the movement of water through the concrete 
matrix. The properties of the polypropylene fiber are de-
tailed in Table 1.

Table 1. Properties of polypropylene fiber. 

Fiber  
type 

Tensile 
strength (MPa) 

Young’s 
modulus (GPa) 

Fiber 
elongation (%) 

Specific 
gravity 

Polypropylene 500∼700 6∼7 20 0.91 

3. Experimental Procedure 

In the initial stage of ECC preparation, the dry constit-
uents Portland cement, fly ash, and fine sand were pro-
portioned by weight in the ratio of 0.8:1.0:1.1, respect-

tively. A high-range water-reducing admixture was 
added at a dosage of 0.1 by weight of cement. The water 
content was maintained separately using a constant wa-
ter–cement ratio of 0.46 for all mixes to ensure adequate 
workability and uniform dispersion of polypropylene fi-
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bers. Finally, polypropylene fibers were incorporated 
into the mix as the third step of the composite prepara-
tion process which varies between 0 and 2%. For each 
mix proportion and curing age (14, 28, and 56 days), 
three identical cube specimens (70×70×70 mm) were 
tested to determine compressive strength, and three 
identical beam specimens (304.8×76.2×12.2 mm) were 
tested to determine flexural strength. Beam specimens 
with an overall length of 304.8 mm were prepared using 
the specified mix proportions and cast in steel molds. 
After 24 hours, the specimens were demolded and spray 
cured at a controlled laboratory temperature of 27 ± 2 
°C for 14, 28 and 56 days prior to testing. Flexural be-
havior was evaluated using a three-point bending test 
under simply supported conditions. The effective sup-
port span (L) was maintained at 254 mm using two roller 
supports. A single concentrated load was applied verti-

cally at the mid-span of the beam through a loading nose. 
The tests were conducted under displacement-con-
trolled loading at a constant rate of 0.5 mm/min using a 
calibrated universal testing machine. Mid-span deflec-
tion was measured using a linear variable differential 
transformer (LVDT) mounted at the bottom center of the 
specimen directly below the loading point to eliminate 
the influence of support settlement. Load and corre-
sponding deflection data were continuously recorded 
using the testing machine data acquisition system until 
specimen failure. The reported compressive and flexural 
strength values represent the average of three speci-
mens. Table 2 displays the compressive strength of pol-
ypropylene fiber reinforced engineered cementitious 
concrete at 14, 28, and 56 days, while Table 3 provides 
specifics on the flexural strength values at the same cur-
ing ages.

Table 2. Compression strength test. 

Polypropylene  
fiber content in (%) 

Dimension 

 

Compression strength (N/mm2) 

L 
(mm) 

B 
(mm) 

14 days 28 days 56 days 

0.00 70 70  23.46 30.20 34.40 

1.00 70 70  27.67 36.42 36.55 

1.25 70 70  29.97 39.48 41.04 

1.50 70 70  31.95 47.95 50.61 

1.75 70 70  31.12 46.83 46.44 

2.00 70 70  29.93 43.97 43.87 

Table 3. Flexural strength test. 

Polypropylene  
fiber content in (%) 

Dimension 

 

Flexural strength (N/mm2) 

L 
(mm) 

B 
(mm) 

D 
(mm) 

14 days 28 days 56 days 

0.00 304.2 76.2 12.2 

 

03.31 04.64 07.08 

1.00 304.2 76.2 12.2 08.36 10.01 12.19 

1.25 304.2 76.2 12.2 10.19 12.67 14.80 

1.50 304.2 76.2 12.2 13.41 17.50 24.12 

1.75 304.2 76.2 12.2 11.83 16.23 17.27 

2.00 304.2 76.2 12.2 11.03 15.72 16.72 

 

To enhance the clarity of the experimental methodol-
ogy, representative photographs illustrating the experi-
mental program are presented in Fig. 1. These include 
the preparation and mixing of ECC constituents, casting 
of cube and beam specimens, curing process, compres-
sive strength testing of cube specimens, bending test 
setup for flexural strength evaluation. The inclusion of 
these figures provides a clear visual representation of 
the experimental workflow and testing procedures 
adopted in the present study. 

Fig. 2 illustrates the compressive and flexural strength 
development of ECC specimens containing various pro-
portions of polypropylene fibers, evaluated at curing ages 

of 14, 28, and 56 days. The data clearly indicate that a pol-
ypropylene fiber content of 1.5% yields the most substan-
tial augmentation in mechanical functionality. At 14 days, 
the maximum compressive and flexural strengths rec-
orded were 31.95 MPa and 13.41 MPa, respectively. Simi-
larly, at 28 days, specimens with 1.5% PP fiber achieved 
peak compressive strengths of 47.95 MPa and flexural 
strength of 17.50 MPa. At 56 days, the trend continued, 
with the highest strengths reaching 50.61 MPa and 24.12 
MPa, respectively. The results, thus, underline the ad-
vantage of mixing 1.5% PP fibers with ECC, which has al-
ready been indicated as the best ratio for strengthening the 
compressive and flexural characteristics of the material.  
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Fig. 1. Experimental program illustrating: (a) ECC mixing and specimen preparation; (b) Casting of cube;  
(c) Beam specimens; (d) Curing of specimen; (e) Compressive strength testing setup; (f) Bending test setup. 

            

Fig. 2. Compressive and flexural strengths with respect to fiber volume fraction for different curing period.  

 

 

(a) 

(e) (f) 

(b) 

(c) (d) 
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4. Scanning Electron Microscopy (SEM) Analysis 

Scanning electron microscopy (SEM) is an outstanding 
method that permits the imaging of material surfaces at 
very high resolution. This technique involves a very fine 
electron beam that is pointed at the specimen inside the 
vacuum enclosure. Scanning Electron Microscopy (SEM) 
analysis was performed using a scanning electron micro-
scope operated at an accelerating voltage of 15 kV, with 
magnifications ranging from 500x to 5000x. Small frag-

ments obtained from the fractured surfaces of tested spec-
imens were oven-dried, mounted on aluminum stubs, and 
coated with a thin layer of gold to ensure surface conduc-
tivity. The interaction of the electrons with the surface at-
oms generates various signals, the most common of which 
being backscattered and secondary electrons, and these 
signals are the ones used producing the final images. The 
images produced contain vital information about surface 
roughness, microstructure, and general morphology of 
the investigated material represented in Fig. 3.

       

Fig. 3. SEM micrographs of ECC containing 1.5% polypropylene fiber showing fiber–matrix interaction  
and microstructural morphology (magnification: 2000x; accelerating voltage: 15 kV).

The SEM micrograph very clearly reveals that long 
and thin polypropylene fibers were embedded in the ce-
ment composite. The texture of the surface around the 
fibers suggests a dense microstructure with a low vol-
ume of pores, while the background, which is rough, in-
dicates the presence of sand particles that have been in-
corporated in the paste. The fibers that are well distrib-
uted across the matrix indicate that they are controlling 
the micro cracks and thus contributing to the overall 
toughness of the composite. The rough and compact 
background indicates the existence of hydration prod-
ucts and sand particles, but tiny pores can also be seen. 
The fibers look to be very well anchored and bonded, and 
this shows their role in preventing cracks from spread-
ing and thus increasing the overall toughness of the com-
posite.  

 

5. Energy Dispersive X-ray (EDAX) Analysis  

Energy X-ray Dispersive Analysis, an also known as 
EDAX is advanced microscopic analytical method that al-
lows to know the elemental composition of a material. It 

is usually coupled with electron microscopes like SEM or 
TEM. Energy Dispersive X-ray (EDAX) analysis was con-
ducted using an attached EDAX detector to determine 
the elemental composition of the ECC matrix. The anal-
yses were carried out at selected regions of interest to 
correlate microstructural features with mechanical per-
formance is represented in Fig. 4 and results are shown 
in Table 4. When the electron beam is concentrated on 
the specimen, it knocks out an electron from the inner 
shell, and an electron from the outer shell occupies the 
site. 

The transition of electrons emits an X-ray photon that 
has an energy corresponding to a particular element. The 
X-rays are detected and a spectrum is generated by the 
system, where the peak positions correspond to the types 
of elements present, and the peak heights indicate their 
estimated concentrations. EDAX is a non-destructive 
method that provides both qualitative and quantitative 
information, therefore, it is very useful for understand-
ing microstructural composition. In ECC, it plays a role in 
confirming the occurrence and dispersal of materials 
such as cement, fly ash, and other ingredients that influ-
ence the strength and durability traits of the composite.

Table 4. EDAX results of ECC with 1.5% polypropylene fiber. 

Element CO2 MgO Al2O3 SiO2 SO3 K2O CaO Fe2O3 

Weight (%) 40.37 0.47 3.08 17.61 0.88 0.15 35.23 2.22 

Atomic 48.11 0.61 1.58 15.37 0.57 0.08 32.94 0.73 
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Fig. 4. SEM-EDAX micrograph of ECC with 1.5% polypropylene fiber (Selected Area 1).

6. Artificial Neural Network 

Neural networks are computational models guided by 
the architecture and operation of the human brain. They 
are designed to manage tasks involving estimation and 
prediction with multiple input variables. ANN has 
demonstrated remarkable efficacy in tackling intricate 
and nonlinear problems. An input layer, one or more 
Processing layers where learning takes place through 
weight adjustments, and a prediction layer make up a 
standard ANN. In accordance with the requirements of 
the design, the network uses numerous types of activa-
tion functions, including tan-sigmoid, log-sigmoid, and 
ReLU. 

As illustrated in Fig. 5(a), the core constituents of a 
neural network include input values, connection 
strengths, a summation function, an activation function, 
and an output. Each neuron receives inputs often derived 
from external features, which are processed during the 
training and evaluation phases. These neurons then pass 
their output as input to the subsequent layer. ANN typi-
cally utilizes a feed-forward architecture, where infor-
mation flows in one direction. Fig. 5(b) illustrates a typi-
cal configuration, which corresponds to a multilayer 
feed-forward neural network. Currently, there is no de-
finitive formula for determining the optimal number of 
neurons for a specific problem; rather, this is usually iden-
tified through empirical testing and iterative refinement.

 
Fig. 5. Structures of (a) Artificial Neuron and (b) Artificial Neural Network.

Since ANN can learn intricate relationships and pat-
terns from data, they are frequently used in prediction 
tasks across a variety of domains. ANN techniques have 
been used to predict mechanical properties of concrete 
based on mix design parameters. Because of their capac-
ity to capture and depict complex and nonlinear connec-
tions between the inputs and outputs in the realm of con-
crete technology, ANN have gained a lot of attention re-
cently.  

Prior to ANN training, all input and output variables 
were normalized using a min–max scaling technique to 
map the data within a dimensionless range. As a result, 
the values presented in Table 5 represent normalized in-
puts rather than raw experimental quantities. For clar-
ity, the original physical ranges of key parameters were 
as follows: curing age (7, 28 and 56 days), polypropylene 
fiber volume fraction (0–1.5%), and mechanical strength 
values expressed in MPa. Data normalization was 

(a) (b) 
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adopted to enhance model convergence, prevent numer-
ical dominance of higher-magnitude variables, and im-
prove prediction. 

Several ANN models have been developed based on 
mix design parameters to predict the mechanical prop-
erties of concrete. Öztaş et al. (2006) highlighted the ca-
pability of NN in estimating both compressive strength 
and slump of high-strength concrete by utilizing vari-
ous mix design data reported in the literature. Rofooei 
et al. (2011) utilized an ANN model to predict the vul-
nerability of conventional reinforced moment-resisting 
frames and to estimate the associated seismic damage 
index.   Topçu and Saridemir (2008) employed ANN and 
fuzzy logic approaches to forecast the compressive 
strength of concrete incorporating high- and low-lime 
fly ash at curing ages of 7, 28, and 90 days. Mashhadban 
et al. (2016) looked into the influence of fibers on self-
compacting concrete through ANN modeling, relying on 
experimental datasets. In a different investigation, 

Belalia Douma et al. (2017) attempted to find the level 
of the ANN models' accuracy in predicting the proper-
ties of fly ash self-compacting concrete in part replacing 
cement. 

 

7. Database 

The decision about how well a deep learning model is 
to predict the properties of ECC concrete mainly relies 
on the quality and quantity of the training data provided 
to the network. This research focuses on cement, fly ash, 
fine aggregate, and polypropylene fiber content percent-
ages. 105 ECC samples were gathered from the compre-
hensive literature survey and the experimental setup 
from past research (Ahmed et al. 2025; Chethan et al. 
2015; Marushchak et al. 2023; Ranjith et al. 2017; 
Saljoughian et al. 2024). The statistical parameters of the 
collected data are summarized in Table 5.

Table 5. Statistical measures of the data. 

 Max. Min. Mean Mode Median STD Skewness Kurtosis 

Cement 1.00 0.80 0.97 1.00 1.00 0.07 –2.19 2.840 

Fly ash/cement ratio 1.50 0.00 0.88 1.50 0.80 0.48 –0.22 –1.190 

Crush sand/cement ratio 1.00 0.400 0.671 0.80 0.60 0.176 0.011 –0.776 

Water/cement ratio 0.86 0.300 0.463 0.42 0.42 0.138 1.20 1.734 

Water reducer/cement ratio 0.70 0.002 0.077 0.084 0.07 0.126 3.930 16.576 

Volume fraction 7.50 0.000 1.744 2.00 1.500 1.554 2.026 4.972 

Tensile strength 6.00 4.00 4.79 4.00 5.00 0.80 0.27 –1.560 

Young’s modulus 5.00 1.400 3.382 3.80 3.80 1.230 –0.684 –1.096 

Length of fiber 120 5.0 10.038 12.0 10.00 2.283 –0.879 –0.358 

Compressive strength 86.20 14.25 40.55 29.50 38.70 12.50 0.960 2.160 

Flexural strength 28.40 1.98 13.30 18.90 13.25 6.110 0.067 –0.616 

8. Model Training and Testing 

Data preprocessing is an essential step prior to ANN 
training, as it enhances the accuracy and reliability of the 
predictive model. This step has to do with removing du-
plicate records, dealing with missing data, and applying 
normalization or standardization techniques to make 
sure that all the input features are properly scaled. For 
the neural network to make a correct prediction about 
the material properties, it has to first learn using a da-
taset where different ECC mix components such as ce-
ment, fly ash, crushed sand, water, high-range water-re-
ducing admixture, volume fraction of polypropylene fi-
bers, tensile strength, Young’s modulus, and fiber length 
are taken as inputs and the resulting mechanical proper-
ties, namely compressive and flexural strengths, are 
treated as outputs. The back propagation algorithm is 
used to modify the connection weights and minimize the 
prediction errors during the training phase, which basi-
cally is the most critical phase in the formation of an 
ANN. A multilayer feed-forward neural network with 

two hidden layers of 22 and 30 neurons each was built 
and trained for this research using MATLAB. Training 
and Testing Plots of ANN model for compressive and 
flexural strength prediction is displayed in Fig. 6.  

A total of 105 experimental data points were consid-
ered for model development, where 90 samples were 
used for training and the remaining 15 samples were set 
aside for evaluating the model performance. To improve 
learning efficiency, the connection was adjoined with a 
nonlinear sigmoid activation function. To determine the 
optimal model, over 500 different neural network con-
figurations were evaluated. The ANN model perfor-
mance was evaluated using regression-based statistical 
metrics, including the coefficient of determination (R²), 
root mean square error (RMSE), and mean absolute er-
ror (MAE). The dataset was randomly divided into train-
ing (70%), validation (15%), and testing (15%) subsets 
to ensure reliable model generalization. Model effective-
ness was assessed by comparing predicted and experi-
mental values on the independent testing dataset (Figs. 
7 and 8).  



 Chethan et al. / Challenge Journal of Concrete Research Letters (2026) 17(2) 122–134 130 

 

           

Fig. 6. Training and testing plots of ANN. 

           

Fig. 7. The assessment of trained and tested data in 28 days compressive strength. 

           

Fig. 8. The assessment of trained and tested data in 28 days flexural strength.

9. Statistical Inference 

The accuracy of the predictions was determined using 
the statistical metrics namely, mean absolute percent er-
ror (MAPE), root mean square error (RMSE), and mean 

absolute error (MAE). The statistical values of RMSE, 
MAE, and MAPE for the training and testing datasets 
were displayed in Tables 6 and 7. The highest relative er-
rors for 28-day compressive and flexural strengths dur-
ing training were recorded as 24.92% and 30.558%, re-



 Chethan et al. / Challenge Journal of Concrete Research Letters (2026) 17(2) 122–134 131 

 

spectively, while the lowest relative errors were only 
0.003% and 0.098%. In the testing phase, the maximum 
relative errors for 28-day compressive and flexural 

strengths were measured at 15.58% and 19.10%, with 
the corresponding minimum relative errors being 
0.384% and 0.367%.

Table 6. Relative errors of training data. 

 
 

Max. relative 
error (%) 

Min. relative 
error (%) 

MAPE 
(%) 

RMSE MAE R2 

Compressive strength 24.920 0.0003 4.120 2.675 1.754 0.955 

Flexural strength 30.558 0.0980 6.656 1.149 0.735 0.963 

Table 7. Relative errors of testing data. 

 
 

Max. relative 
error (%) 

Min. relative 
error (%) 

MAPE 
(%) 

RMSE MAE R2 

Compressive strength 15.58 0.384 6.409 3.593 2.67556 0.953 

Flexural strength 19.10 0.367 8.181 1.119 0.86913 0.975 

The histograms in Figs. 9 and 10 show the relative per-
centage error distribution for the 28 days compressive 
and flexural strengths. It is worth noting that nearly 70% 
of the samples were found to have prediction errors not 
higher than 10%, thus confirming the predicting power 

of ANN model and reliability in terms of ECC strength pa-
rameters. The statistical data demonstrates that, the ANN 
model has properly learned the relation between input 
parameters and mechanical properties and it has good 
generalization ability and high predictive accuracy.

           

Fig. 9. Histogram of relative error percentage of 28 days compressive strength for training and testing. 

          

Fig. 10. Histogram of relative error percentage of 28 days flexural strength for training and testing.  
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10. Results and Discussion 

The experimental results demonstrate that the incor-
poration of polypropylene fibers significantly influences 
the mechanical performance of engineered cementitious 
composites. The relationship between compressive 
strength and polypropylene fiber volume fraction, 
shown in Fig. 4 indicates that the compressive strength 
rose slowly but surely with the addition of fiber until op-
timal fiber content was reached, after which only a slight 
increase was noted. This pattern suggests that the poly-
propylene fibers indirectly provide compressive 
strength by preventing microcracks from forming and 
spreading instead of by bearing the compressive force. 
An appreciable increase in flexural strength was ob-
served with increasing polypropylene fiber volume frac-
tion, confirming the effectiveness of fibers under tensile 
and bending stresses. During three-point bending tests, 
ECC specimens exhibited multiple fine cracks instead of 
a single dominant crack, demonstrating the characteris-
tic pseudo strain-hardening behavior of ECC.  

The mechanical performance obtained in the present 
study is consistent with trends reported in the existing 
ECC literature. Several studies have shown that polypro-
pylene fiber contents in the range of 1.0–2.0% lead to 
significant improvements in flexural strength and ductil-
ity due to effective fiber bridging and multiple micro-
cracking behavior. For instance, ChiaHwan and JianBo 
(2014) reported optimum PP fiber contents between 
1.2% and 1.6%, beyond which fiber agglomeration and 
workability loss resulted in marginal or reduced 
strength gains. A similar trend was observed in the pre-
sent study, where the maximum compressive and flex-
ural strengths were achieved at 1.5% PP fiber content, 
followed by a slight reduction at higher dosages. 

In terms of flexural performance, the 28-day flexural 
strength of 17.50 MPa obtained in this study at 1.5% fi-
ber content is comparable to the values reported by 
Marushchak et al. (2023) and Saljoughian et al. (2024) 
for polypropylene fiber-based ECC systems, confirming 
the effectiveness of PP fibers in enhancing tensile and 
bending resistance. The observed multiple fine cracks 
and stable post-cracking response are also in agreement 
with the strain-hardening behavior reported in earlier 
ECC studies. 

Regarding predictive modeling, the ANN developed in 
the present study achieved R² values exceeding 0.95 for 
both compressive and flexural strength prediction, 
which is comparable to or slightly higher than those re-
ported in recent ANN-based studies on fiber-reinforced 
and ECC-type composites. For example, Kavya et al. 
(2022) and Hossain et al. (2024) reported R² values in 
the range of 0.90–0.96 for strength prediction using ANN 
models. This comparison indicates that the proposed 
ANN framework provides reliable predictive capability 
while being specifically tailored to polypropylene fiber-
reinforced ECC. 

The EDAX analysis of ECC containing 1.5% polypro-
pylene fiber, as presented in Table 4, confirms the pres-
ence of major cementitious oxides such as CaO, SiO₂, and 
Al₂O₃, which play a critical role in hydration reactions 
and strength development of cement-based materials. 
Minor oxides such as MgO, SO₃, and K₂O detected in the 
present study fall within typical ranges reported for ce-
mentitious composites and are not considered detri-

mental at low concentrations. The relatively uniform el-
emental distribution observed in the polypropylene fi-
ber-reinforced ECC indicates good matrix continuity and 
compatibility between the fibers and the cementitious 
phase.  

The ANN provide an effective and reliable approach 
for predicting the compressive and flexural strength of 
polypropylene fiber-reinforced engineered cementi-
tious composites. The developed multilayer feed-for-
ward model, trained using the back-propagation algo-
rithm, exhibited strong agreement between predicted 
and experimental strength values for both training and 
testing datasets. For the training data, the ANN achieved 
R² values of 0.955 and 0.963 for compressive and flex-
ural strength, respectively, with low MAPE values of 
4.12% and 6.66%, as summarized in Table 5. In like man-
ner, the R² values of 0.953 for compressive strength and 
0.975 for flexural strength were obtained for the testing 
dataset along with MAPE values of 6.41% and 8.18%, re-
spectively in Table 6, which demonstrates great predic-
tive power and excellent generalization performance of 
the model. 

 

11. Conclusions 

According to the data, the addition of 1.5% polypro-
pylene fiber seemed to be the most effective way to im-
prove the mechanical performance of concrete. The dos-
age offered the highest compressive strength of 31.95 
MPa and the highest flexural strength of 13.41 MPa after 
14 days of curing, 47.95 MPa and 17.50 MPa after 28 
days of curing and 50.61 MPa and 24.12 MPa after 56 
days of curing. It can be inferred that polypropylene fiber 
at a dosage of 1.5% not only enhances the strength of 
ECC but also serves as a feasible and optimal percentage 
for mechanical property enhancement.  

The microstructural examination strengthened the 
experimental and modeling results. Scanning electron 
microscopy uncovered the cementitious matrix to con-
tain polypropylene fibers that had been perfectly em-
bedded, as well as numerous cracks that were very fine 
but fiber-bridged, thus validating the strain-hardening 
mechanism typical of ECC. The observed presence of ad-
hered matrix particles on fiber surfaces is a sign of strong 
fiber-matrix interfacial bonding that leads to better con-
trol over cracks and increased ductility. Energy-disper-
sive X-ray analysis not only verified the existence of piv-
otal cementitious oxides like CaO, SiO2, and Al2O3 but 
also revealed a homogeneous elemental distribution in 
fiber-reinforced specimens, which in turn implies good 
matrix-fiber compatibility. 

The current research provided evidence that Artificial 
Neural Network is the best choice for the prediction of 
compressive and flexural strength of polypropylene fi-
ber-reinforced engineered cementitious composites. 
The multilayer feed-forward ANN constructed and 
trained by the back-propagation algorithm had almost 
the same predicted and measured strength values for 
both the training and testing groups of data. The small 
prediction inaccuracies suggest that the model has man-
aged to depict the nonlinear connection between the de-
sign parameters and the mechanical performance, thus 
allowing for prompt strength estimation of ECC mixtures 
that fall within the specified range of the training data. 
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