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Article Info  Abstract 

Article History: 
 This study examines lightweight cement mortars reinforced with Polyvinyl Alco-

hol (PVA) fibers to elucidate how introducing recycled rubber as a sand replace-
ment influences microstructure-sensitive transport and load-bearing behavior. 
Using a standardized mix with a binary pozzolanic binder (Class F fly ash and silica 
fume), we assessed compressive and flexural strength, elastic modulus, stress–
strain response, dry density, water absorption, and Ultrasonic Pulse Velocity 
(UPV). Increasing rubber fraction generally reduced strength and stiffness due to 
weaker interfacial bonding and elevated internal porosity; nevertheless, mortars 
with moderate rubber contents retained adequate strength while exhibiting en-
hanced plasticity/ductility, indicating potential for semi-structural use when 
properly optimized. An artificial neural network that ingests rubber content, dry 
density, water absorption, and UPV predicted 28-day compressive strength with 
high fidelity (R² = 0.94; MSE = 0.72MPa²; MAPE = 1.87%), with UPV emerging as 
the most influential predictor. The combined experimental and data-driven find-
ings provide non-destructive, UPV-anchored guidance for designing PVA-rein-
forced lightweight rubberized mortars for sustainable construction. 
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1. Introduction 

Lightweight concrete is characterized by its low density, typically less than 2000 kg/m³, which is 
achieved by replacing conventional aggregates with lightweight materials such as recycled tire rub-
ber. This reduction in mass contributes to lowering structural loads while maintaining the required 
mechanical performance. According to the American Tire Manufacturers Association, more than 
300 million tires are discarded annually in the United States, with global figures exceeding 1.5 bil-
lion tires [1]. This environmental concern, along with rapid urbanization, has made waste tire man-
agement a pressing issue, prompting researchers to explore the use of recycled tires as partial re-
placements for traditional aggregates, with the dual objective of reducing environmental impact 
and improving concrete performance.  One study showed that optimizing Tire-Derived Aggregate 
Concrete (TDAC) through particle grading, NaOH treatment, Supplementary Cementitious Materi-
als (SCMs), and fiber reinforcement led to a 75.4% increase in compressive strength and a 465.6% 
improvement in toughness [2]. Other findings highlighted that since concrete strength is one of the 
most important parameters affecting structural performance, pretreatment of rubber with NaOH 
and silica significantly enhanced compressive strength and abrasion resistance, reaching 61.5 MPa 
at 10% replacement compared to untreated rubber concrete [3].  
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Treated rubber (e.g., with NaOH or silane) maintained adequate compressive strength at up to 25% 
replacement. While replacing fine aggregate with rubber ash reduced flexural strength, the addi-
tion of rubber fibers improved mechanical properties and durability, as confirmed by microstruc-
tural analysis [4]. Furthermore, in addition, the incorporation of 1% rubber fibers by cement 
weight led to an improvement in compressive strength by 4.9% and flexural strength by 8.9%, 
while the splitting tensile strength decreased by approximately 12.4%.  [5].  Rubberized concrete 
was also found to maintain acceptable strength levels up to 20% rubber content, although poor 
bonding with cement paste remains a challenge that warrants further investigation [6]. In contrast, 
rubberized concrete lost 54%–92% of its impact resistance and 21%–52% of its tensile strength 
when exposed to temperatures between 100–200 °C, with rubber chips performing better than 
crumb rubber [7].  The highest fracture resistance was observed at 30% RAP with 0% rubber, sug-
gesting that rubber inclusion may not necessarily enhance fracture performance [8]. In another 
study, the addition of PVA fibers to rubberized concrete resulted in compressive strength of 49 MPa 
and improved durability [9].  Replacing fine aggregate with 5–15% recycled tire rubber or 35–
100% expanded clay aggregates reduced density and strength while increasing porosity, with ex-
panded clay performing better overall, making rubber more suitable for non-structural, eco-
friendly applications [10]. Similarly, it was found that replacing fine aggregate with recycled rubber 
in self-compacting concrete performed better than coarse aggregate replacement [11].  It was also 
found that tire rubber can replace up to 7.5% of fine aggregate in M30 concrete without signifi-
cantly affecting strength or durability [12], while improved durability was reported in aggressive 
environments at 2.5–7.5% rubber content due to reduced chloride penetration, acid attack, and 
strength loss [13]. Moreover, adding up to 10% rubber powder with a sand ratio of 33–36% im-
proved impact resistance, noise reduction, and shrinkage behavior, although larger particle sizes 
and higher contents reduced strength and stiffness [14]. Treatment methods using silica fume and 
sulfuric acid significantly enhanced cement–rubber bonding in foam concrete, improving compres-
sive strength by up to 56% [15]. Another study found that replacing coarse aggregate with 20% 
untreated rubber reduced compressive strength by 49%, but strength was restored to acceptable 
levels through compression casting using treated aggregates [16]. Combining NaOH-treated rubber 
with silica fume improved long-term durability and sustainability at 20–40% rubber content [17].  
Studies [18,19] confirmed that adding fibers significantly enhances the mechanical and dynamic 
properties of rubberized concrete, helping to overcome the inherent strength limitations associ-
ated with rubber inclusion. High contents of crumb rubber (up to 40%) were found to significantly 
reduce strength by up to 50%; however, incorporating 0–5% treated rubber at a 0.4 water–cement 
ratio improved ductility by 86.2% and enhanced microstructural properties [20]. Low levels of fine 
(2–4 mm) or coarse (15 mm) rubber aggregates have been shown to enhance ductility and energy 
dissipation with minimal strength loss, making rubberized concrete a promising material for seis-
mic and impact-resistant structures [21]. Additionally, concrete incorporating more than 80% 
crumb rubber exhibited reduced carbonation rates, while fiber-coated rubber (FCR) improved 
freeze–thaw and acid resistance by enhancing matrix cohesion [22]. Further, fiber-coated and pol-
ymer fiber-reinforced rubber concretes demonstrated enhanced durability and mechanical prop-
erties, although further research is needed to determine the optimal mix design [23].  Long-term 
performance improvements were also observed, including a 12% increase in compressive strength 
after 90 days [24]. While waste tire rubber typically reduces the mechanical strength of concrete, 
the use of appropriate treatment methods and moderate replacement ratios can significantly en-
hance both performance and sustainability [25]. Moreover, modifying rubberized concrete with 
10% silica fume and 0.1% polypropylene fibers improved mechanical strength and microstructural 
integrity by reducing voids and limiting microcrack propagation [26]. These findings collectively 
provide dedicated support for the incorporation of recycled rubber in concrete, especially when 
combined with pozzolanic materials and fiber reinforcements.  Recent advances in predictive mod-
eling further support this direction. For instance, an ANN model accurately predicted the frost re-
sistance of rubberized concrete (R²=0.9825) based on mix proportions, rubber content, and freeze–
thaw cycles, using relative dynamic elastic modulus as the durability metric [27]. Similarly, replac-
ing 6% of aggregates with recycled rubber improved flexibility and crack resistance while main-
taining similar performance to conventional concrete [28]. Machine learning models have also 
proven effective in predicting the mechanical properties of rubberized concrete at 28 days [29].  An 



Aday / Research on Engineering Structures & Materials 11(5) (2025) 2681-2699 

 

2683 

ANN model successfully predicted compressive strength using input parameters such as the water-
to-cement ratio and granular skeleton, achieving a high correlation (up to 99.76%) and low error 
rates, potentially eliminating the need for extensive experimental testing. A broader comparative 
study [30] used ANN, Linear Regression (LR), Random Forest (RF), and M5P models to estimate the 
compressive strength of mortar modified with up to 7.5% crumb rubber, finding ANN to be the 
most accurate (R = 0.9998, RMSE ≈ 0.21). Moreover, [31] developed a Deep Neural Network (DNN) 
model using a comprehensive database of rubberized concrete mixes, achieving a high predictive 
accuracy (R² ≈ 0.99, RMSE < 0.13), outperforming traditional ANN and regression models. 

In spite of all previous studies do not provide a systematic evaluation of lightweight mortars that 
pair sand-equivalent rubber (matched gradation and morphology to sand) with joint proportioning 
of SCMs, PVA fibers, and rubber under fixed mixing conditions  thereby decoupling particle-
size/surface effects from compositional effects across unexplored replacement ranges.  This study 
addresses that gap by building response maps linking those joint proportions to mechanical and 
transport properties, UPV/NDT metrics, and ITZ features, delineating a balanced proportion win-
dow for practical and semi-structural applications and providing NDT-based mix guidance. 

 2. Methodology 

2.1 Materials and Mix Design 

This study endeavors to evaluate a series of lightweight concrete mixes to investigate the effects of 
replacing natural sand with Granulated Tire Rubber (GTR) on both mechanical performance and 
ultrasonic pulse transmission within a cementitious matrix. GTR was incorporated as a volumetric 
replacement for fine aggregate in incremental steps ranging from 0% to 30%, with a 5% increase 
in each mix. All concrete formulations were designed and tested according to ASTM C330/C330M 
[32] specifications, which define structural lightweight concrete as having a dry density less than 
2000 kg/m³.  To maintain consistent bonding properties in all mixes, Type I Ordinary Portland Ce-
ment (OPC), conforming to ASTM C150, was used. In addition, two pozzolanic materials Class F fly 
ash conforming to ASTM C618 and silica fume conforming to ASTM C1240, were incorporated to 
improve microstructure and reduce porosity in the Interfacial Transition Zone (ITZ). Specifically, 
25% of the cement content was replaced with fly ash, while silica fume contributed 8%, reducing 
the effective cement content from 400 kg/m³ to 268 kg/m³. Despite these substitutions, the total 
binder content was maintained at 400 kg/m³, in line with ACI 211.2-98 [33]. properties of OPC, fly 
ash, and silica fume are summarized in Table 1.  

Table 1. Physical and chemical properties of OPC, fly ash (FA), and silica fume  

 
Property 

Specific 
Gravity 

SiO₂ 
(%) 

Al₂O₃ 
(%) 

Fe₂O₃ 
(%) 

CaO 
(%) 

MgO 
(%) 

SO₃ 
(%) 

LOI 
(%) 

PAI at 7 days 
(%) (ASTM 
C311/C311

M) 

Retained 
on 45 μm 
sieve (%) 

OPC 3.15 20.5 4.8 3.2 
63.
7 

1.5 2.7 1.5 - - 

Fly Ash  2.30 53.2 23.5 9.5 4.9 1.2 0.5 1.9 85.7 27 
Silica Fume  2.21 92.0 1.0 0.5 0.2 0.3 0.1 1.0 112 7 

Note: Properties as provided by the suppliers 

 

PVA fibers were added at a constant volume ratio of 2% to all mixes. The main properties of PVA 
fibers are given in Table 2. A high-range water-reducing admixture (HRWRA), compliant with 
ASTM C494 Type F, was used to maintain workability without changing the water content. A con-
stant water-to-binder (w/b) ratio of 0.45 was also adopted for all mixes to ensure uniform hydra-
tion and comparability of test results. . The recycled rubber was sourced from end-of-life vehicle 
tires and processed via mechanical shredding, magnetic separation, and sieving to produce clean, 
fine rubber granules. the recycled rubber particles ranged from 0.3 to 1.5 mm, which is comparable 
to the fine fraction of natural sand in terms of particle size distribution. Fig.1 displays the particle 
size distribution curves of both rubber and sand, demonstrating their comparable fineness and en-
suring uniformity and reduced risk of segregation during mixing.  



Aday / Research on Engineering Structures & Materials 11(5) (2025) 2681-2699 

 

2684 

Table 2. Properties of polyvinyl alcohol (PVA) fibers 

Length 
(mm) 

Diameter 
(µm) 

L/D Density 
(g/cm³) 

Tensile 
Strength 

(MPa) 

Modulus of 
Elasticity 

(GPa) 

Elongation 
(%) 

6.0 42.0 142 1.28 1700.0 57.0 6.0 

Note: Properties as provided by the suppliers 
 

Table 3. Mix proportions of mortar specimens with varying rubber powder replacement levels- 
m³ 

Mix 
ID 

Rubber 
Replacement 

(%) 

OPC 
(kg/m³) 

Fly Ash 
(kg/m³) 

Silica 
Fume 

(kg/m³) 

Water 
(kg/m³) 

Superplasticizer % 
Sand 

(kg/m³) 

Rubber 
Powder 
(kg/m³) 

PVA% 
Fibers 

R0 0 268 100 32 0.45 1.2 850 0 2% 

R5 5 268 100 32 0.45 1.2 807 47 2% 

R10 10 268 100 32 0.45 1.2 765 94 2% 

R15 15 268 100 32 0.45 1.2 723 141 2% 

R20 20 268 100 32 0.45 1.2 680 188 2% 

R25 25 268 100 32 0.45 1.2 638 235 2% 

R30 30 268 100 32 0.45 1.2 595 282 2% 

 

The rubber powder, with a specific gravity of approximately 1.10, exhibited an irregular shape and 
a soft, elastic surface texture. In contrast, the natural sand used had a specific gravity of about 2.62. 

 

Fig. 1. Particle size distribution of fine aggregate and GTR with ASTM C33 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 2. Recycled and pozzolanic materials used in rubberized mortar mixtures (a) PVA, (b) 
ground tire rubber, (c)silica fume, and (d) fly ash 
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The proportions of the materials are summarized in Table 3. The materials are illustrated in  (Fig 
2.), which displays PVA fibers Fig. 2a, rubber granules Fig. 2b, silica fume Fig. 2c, and fly ash Fig. 2d. 

2.2 Experimental Testing Program 

An experimental program was designed to investigate the effect of Granulated Tire Rubber (GTR) 
on the mechanical and physical behavior of lightweight mortar. To ensure uniform dispersion of 
the components, a pan mixer was employed throughout the mixing process. The mixing procedure 
followed the guidelines of ASTM C192 with some modifications to accommodate the incorporation 
of rubber. The sequence consisted of dry mixing the natural aggregates and rubber particles for 1 
minute, followed by the addition of cement, fly ash, and silica fume for another minute. Half of the 
mixing water was then introduced and mixing continued for 1 minute. Finally, the remaining water 
together with the High-Range Water-Reducing Admixture (HRWRA) was added, and mixing was 
extended for five minutes to obtain a homogeneous mixture. 

The fresh mortar was cast into 50 × 50 × 50 mm cubes for compressive strength, dry density, water 
absorption, and ultrasonic pulse velocity (UPV) tests. Prisms of 40 × 40 × 160 mm were prepared 
for flexural strength tests, while cylinders of 100 × 200 mm were used for modulus of elasticity 
tests. All specimens were compacted using a vibration table to eliminate entrapped air and ensure 
consistency. After 24 hours of casting, the specimens were demolded and water-cured at [23 ± 2 
°C] until the designated testing ages; laboratory handling/conditioning was conducted at [50 ± 5% 
RH] and [23 ± 2 °C]. The compressive and flexural strength tests were performed using a universal 
testing machine with a maximum load capacity of 2000 kN.  

The tests were conducted in accordance with the relevant standards: compressive strength (ASTM 
C109) at 28 and 90 days, flexural strength (ASTM C348), modulus of elasticity (ASTM C469), ultra-
sonic pulse velocity (ASTM C597), and dry density and water absorption (ASTM C642) at 28 days. 
To ensure statistical validity and reliability, the average values were calculated from three speci-
mens for each test. The Fig. 3 illustrates the laboratory workflow for rubberized mortar. 

 

(a) 

 

(b) 

 

(c) 

Fig. 3. Laboratory procedures for rubberized mortar testing 

2.3 Prediction of Compressive Strength Using Artificial Neural Networks (ANN) 

To complement the experimental results, a machine learning model was developed to explore the 
influence of selected physical parameters on the mechanical behavior of lightweight concrete using 
recycled rubber. This model utilized an ANN structured as a Multilayer Perceptron (MLP), with the 
primary objective of predicting the 28-day compressive strength. A notable advantage of this ap-
proach is its reliance on easily quantifiable input properties, reducing the need for repetitive and 
time-consuming laboratory tests. The ANN model was implemented using Python version 3.10 Sup-
porting packages such as NumPy and Matplotlib were used to manage data preprocessing tasks 
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and facilitate graphical interpretation of the results. This predictive strategy provided a structured 
and efficient means of evaluating concrete performance based on experimental variables, comple-
menting traditional testing procedures. The dataset contained 50 records. We randomly split the 
data into 70% training (n = 35), 15% validation (n = 8), and 15% testing (n = 7).The model relied 
on four input variables: GTR replacement ratio (%GTR), dry density, water absorption, and UPV. 
The network architecture consisted of three primary layers as shown in Fig. 4 . 

• Input Layer: Comprising four neurons representing the following input variables: 
➢ GTR replacement percentage (%Rubber) 

➢ Dry density (kg/m³) 

➢ Water absorption (%) 

➢ Ultrasonic pulse velocity (UPV, km/s) 

• Hidden Layers: 
➢ The first hidden layer contains 8 neurons. 

➢ The second hidden layer also contains 8 neurons. 

➢ The ReLU (Rectified Linear Unit) activation function was applied in both hidden lay-
ers to enhance the model’s ability to learn nonlinear relationships. 

• Output Layer: A single neuron was used to represent the predicted value of compressive 
strength (𝑓𝑐) in megapascals (MPa). 

Prior to training, all variables were normalized using the Min–Max Scaling technique according to 
the following formula: 

𝑋 = [𝑥 1, 𝑥 2 , 𝑥 3, 𝑥 4]𝑇 (1) 

Where; 𝑥 1: rubber content (%), 𝑥 2: dry density (kg/m³), 𝑥 3: water absorption (%), 𝑥 4: ultrasonic pulse 
velocity (km/s). 

Each feature was normalized using Min–Max scaling:  

𝑥𝑖,𝑛𝑜𝑟𝑚
(𝑛)

 = 
𝑥𝑖

(𝑛)

 

 
 −𝑥𝑖 ,𝑚𝑖𝑛

   

𝑥 𝑖 ,𝑚𝑎𝑥
  −𝑥𝑖 ,𝑚𝑖𝑛

    , ∀𝑖 = 1 … 4 (2) 

Where; 𝑥𝑖
(𝑛)

: the original value of feature 𝑖 for sample 𝑛, 𝑥𝑖 ,𝑚𝑖𝑛
   and 𝑥 𝑖 ,𝑚𝑎𝑥

 : the minimum and max-

imum of feature 𝑖 respectively. First hidden layer: 

𝑧𝑗
(1)

= 𝑓 (∑  

4

𝑖=1

𝑤𝑗𝑖
(1)

𝑥𝑖 + 𝑏𝑗
(1)

)) , 𝑗 = 1,2, … ,8 (3) 

Second hidden layer  : 

𝑧𝑘
(2)

= 𝑓 (∑  

8

𝑗=1

𝑤𝑘𝑗
(2)

𝑧 𝑗
(1)

+ 𝑏𝑘
(2)

)) , 𝑘 = 1,2, … ,8 (4) 

Output layer: 

ŷ = ∑  

8

𝑘=1

𝑤𝑘
(2)

  𝑧 𝑘
(3)

+ 𝑏 
(3)) (5) 

Where; w 
 , b Weights and biases for layer, 𝑓: 𝑅𝑒𝐿𝑈 activation:  𝑓(𝑥) = 𝑚𝑎𝑥(0, 𝑥) 

Training minimized the Mean Squared Error (MSE): 

𝑀𝑆𝐸 =
1

𝑁
∑( 𝑦 

(𝑖) 
− ŷ 

(𝑖)  
 )2 

𝑁

𝑖=1

 (6) 
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Model accuracy was assessed using the coefficient of determination: 

R² = 1 −
∑ (𝑦 

(𝑖)−ŷ 
(𝑖))

2𝑁
𝑖=1

∑ (𝑦 
(𝑖)− 𝑦 )

2𝑁
𝑖=1

  (7) 

Where; 𝑦 
𝑖: actual value of sample I, ŷ 

𝑖: predicted value, 𝑦 ∶  𝑚𝑒𝑎𝑛 𝑜𝑓 𝑎𝑐𝑡𝑢𝑎𝑙 𝑣𝑎𝑙𝑢𝑒𝑠, N: number of 
samples.  

The Mean Absolute Percentage Error (MAPE) was computed on the held-out test set:  

𝑀𝐴𝑃𝐸 % =    ∑
100

𝑁

𝑁

𝑖=1

 ⌊
ŷ 

(𝑖)  
  −  𝑦 

(𝑖)

𝑦 
(𝑖)

⌋ (8) 

Training used Adam (learning rate = 1e−3) with a batch size of 16. Training ran for up to 5,000 
epochs with early stopping (patience = 100) based on validation loss to mitigate overfitting. Hy-
perparameters were tuned on a held-out validation set via guided trial-and-error within reasonable 
bounds; the final configuration was selected by the minimum validation MSE 

The outputs were inverse-transformed to their original scale: 

𝑦𝑎𝑐𝑡𝑢𝑎𝑙 = ŷ
 
⋅ (𝑦 

𝑚𝑎𝑥 − 𝑦 
𝑚𝑖𝑛) + 𝑦 

𝑚𝑖𝑛 (9) 

 

Fig. 4. Neural network architecture for predicting 28-day compressive strength 

3. Result and Discussion 

This section discusses the experimental results of the rubberized lightweight mortar mixtures, 
along with the predictive performance of the ANN model developed to estimate key mechanical 
parameters. The experimental tests provided a foundation for model training, and the ANN's 
predictions were compared to the actual measured values to evaluate accuracy and generalization. 

3.1 Compressive Strength Behavior 

Compressive strength results at both 28 and 90 days  including mean values, Standard Deviation 
(SD), and Coefficient of Variation (CoV)  are presented in Table 4 and illustrated in Fig. 5. At 28 days, 
a progressive reduction in compressive strength was observed with increasing rubber powder re-
placement: approximately 14.5%, 23.8%, 31.2%, 40.0%, 48.1%, and 57.5% for R5–R30, respec-
tively, compared to the reference mix R0. This trend is consistent with previous findings [39,40], 
which attributed the decline to the soft and hydrophobic nature of rubber particles that weaken 
the interfacial transition zone (ITZ), increase porosity, and reduce stiffness. Similarly, other studies 
[41,42] reported compromised mechanical performance due to weak rubber–cement bonding and 
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ineffective stress transfer across the matrix. Despite this strength degradation, CoV values for all 
mixes remained within the acceptable range of 4–6%, reflecting high internal consistency and ef-
fective compaction, supported by the use of HRWRA and well-dispersed PVA fibers. At 90 days, all 
mixes exhibited further strength gain over time. the reference mix R0 increased from 39.5 MPa at 
28 days to 44.6 MPa at 90 days. Likewise, mix R5 improved from 33.8 to 40.4 MPa, R10 from 30.1 
to 36.2 MPa, R15 from 27.2 to 33.1 MPa, R20 from 23.7 to 27.4 MPa, R25 from 20.5 to 21.9 MPa, 
and R30 from 16.8 to 19.2 MPa. This strength development is mainly attributed to the continuous 
hydration of unreacted cement particles, along with delayed pozzolanic reactions of fly ash and 
silica fume, which progressively consume calcium hydroxide and generate additional C–S–H gel. 
These secondary hydration products refine the pore structure, enhance the ITZ, and contribute to 
a denser microstructure, thereby improving long-term compressive strength. Nevertheless, the rel-
ative reductions compared to R0 at 90 days remained significant: 9.4% for R5, 18.9% for R10, 
25.9% for R15, 38.5% for R20, 50.9% for R25, and 57.0% for R30. 

These findings highlight a critical technical insight: although extended curing and refined mix de-
sign strategies  particularly the inclusion of SCMs and PVA fibers  can mitigate the negative effects 
of rubber inclusion to some extent, they cannot fully recover the structural integrity lost at higher 
rubber replacement levels. Thus, when incorporating recycled rubber into structural concrete, a 
careful balance must be maintained between sustainability goals and structural performance re-
quirements. 

 
Fig. 5. Compressive strength test results 

3.2. Elastic Modulus   

Table. 4 presents the average values of the elastic modulus at 28 days. this property consistently 
decreases with increasing GTR replacement. Concrete mixes containing CR (R5, R10, R15, R20, R25, 
and R30) showed reductions in elastic modulus of approximately 8.5%, 15.4%, 21.6%,24.9%,30.9 
and 37.9%respectively, compared to the reference mix (R0). This decline is mainly attributed to 
the inherently low stiffness of rubber particles and their weak interfacial bonding with the sur-
rounding cementitious matrix, which compromises the concrete's resistance within the elastic 
range.  Comparing the results across all mixtures reveals a clear inverse relationship between rub-
ber content and elastic modulus higher replacement levels consistently led to lower stiffness. This 
trend is clearly illustrated in Fig. 6, which shows a steady degradation in elastic performance. These 
findings are in line with previous studies [43 ,44], which reported significant reductions in stiffness 
when rubber particles are incorporated, especially in lightweight concrete mixes. 
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Fig. 6.  Elastic modulus and reduction at 28 day 

3.3 Stress–Strain Behavior 

 The stress–strain curves of the investigated mixes demonstrated a clear progression with increas-
ing rubber content, as shown in Fig.7. The reference mix R0, representing lightweight concrete en-
hanced with PVA fibers and pozzolanic additives, displayed a sharply rising linear segment fol-
lowed by a softening post-peak response characterized by moderate ductility. This behavior is 
largely attributed to the combined effects of PVA fibers, which help delay crack propagation and 
increase energy absorption, and the role of fly ash and silica fume in refining the cement matrix and 
improving interfacial bonding.  

 
Fig. 7. Compressive stress-strain curves for reference concrete (R0) and rubberized concrete at 

28 days 

As outlined in Table 4, the recorded values for peak strain, ultimate strain, and peak stress align 
with the visual interpretations. A steady decline in peak compressive strength was observed as 
rubber content increased, while ultimate strain increased up to the R10 mix before showing a re-
duction at higher replacement levels, indicating diminished ductility. As rubber content increased 
from R5 to R30, a noticeable decrease in both peak strain and stiffness was evident, along with a 
steeper descending slope in the post-peak region  most prominent in mixes R25 and R30. This trend 
highlights a progressive weakening in structural integrity due to poor bonding between rubber 
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particles and the cementitious matrix, even though rubber inclusion contributed to greater deform-
ability [45]. These observations are in agreement with previous research by [46- 49], which simi-
larly found that the introduction of rubber into fiber-reinforced concrete results in a more ductile 
but less rigid compressive behavior. 

3.4 Flexural Strength Behavior 

 The flexural strength at 28 days of the lightweight fiber-reinforced concrete mixes incorporating 
rubber exhibited a consistent decline as natural sand was progressively substituted with GTR, as 
depicted in Fig.8a, and summarized in Table 4. The control mix (R0) achieved 4.72 MPa, while mixes 
R5, R10, R15, R20, R25, and R30 recorded 4.45, 4.13, 3.25, 2.88, 2.58, and 2.24 MPa, respectively. 
With increasing rubber content from 5% to 30%, the strength reduced incrementally by approxi-
mately 7.8%, 12.5%, 20.8%, 34.5%, 44.1%, and 52.5%, respectively, compared to the reference mix. 
This downward trend is primarily attributed to the elastic nature of rubber particles and their in-
adequate adhesion to the cementitious matrix, which weakens the ITZ and raises the likelihood of 
microcracking under flexural loads. Nonetheless, the incorporation of 2% PVA fibers significantly 
enhanced post-cracking tensile performance through crack-bridging action, while the addition of 
pozzolanic materials such as fly ash and silica fume contributed to refining the cement matrix mi-
crostructure. Concrete mixes with moderate rubber content (R5 to R15) demonstrated a favorable 
compromise between strength and ductility, making them suitable for lightweight structural ele-
ments where both mechanical strength and energy dissipation are required. As illustrated in Fig.8b, 
mixes like R10 showed gradual and controlled crack propagation, reflecting improved post-crack-
ing behavior due to the combined influence of fibers and rubber particles. These outcomes align 
with prior research by [50- 52], which emphasized the advantages of fiber–rubber hybrid systems 
in enhancing flexural toughness and ductility in concrete applications 

 

(a) 

 

(b) 

Fig. 8. (a) Flexural strength development of rubberized lightweight conrete and (b)  crack 
pattern and fracture response of rubberized mortar under flexural loading 

 

3.5 Interrelationship Between Physical Properties of Rubberized Lightweight 
Mortar 

The integration of GTR into lightweight cementitious matrices significantly modifies their physical 
properties, particularly dry density, water absorption, and UPV. As shown in Fig.9, increasing the 
rubber content leads to a continuous decrease in dry density, primarily due to the low specific grav-
ity of rubber granules (~1.10) compared to that of natural sand. This reduction in density is accom-
panied by a relative increase in water absorption, which is attributed to the rough and flexible sur-
face of rubber particles that contribute to the formation of micro-voids within the cementitious 
matrix, thereby increasing overall porosity and disrupting the continuity of the internal concrete 
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structure. Parallel to this, UPV values also decline with increasing rubber replacement, reflecting a 
decrease in internal stiffness and homo-geneity caused by increased porosity [53,54]. To quantify 
the internal relationships between these variables, logarithmic regression models were applied.   
Dry density exhibited a strong inverse logarithmic relationship with water absorption, expressed 
by the model: 

𝜌 =  −501.32 ln(𝑊𝐴) +  2496.73 10 

Similarly, UPV was found to exhibit a comparable logarithmic decline as water absorption in-
creased: 

𝑈𝑃𝑉 =  −1.83 ln(𝑊𝐴) +  5.46 11 

 

Fig. 9. Effect of rubber content on water absorption, dry density, and UPV at 28 days 

 

Fig. 10. Interrelationship between water absorption,  dry density, and UPV 

Both equations are depicted in (Fig.10) demonstrating high correlation coefficients (R² > 0.98), 
which indicates a strong interdependency among these physical parameters. Moreover, [55.56], 
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highlighted that the incorporation of mineral fillers and nano-sized pozzolans can refine the micro-
structure and partially mitigate the permeability effects induced by rubber inclusion. Notably, the 
UPV and density values remained within the acceptable limits for lightweight structural concrete 
up to 15% rubber replacement, as per ASTM C330/C330M, supporting the feasibility of using such 
modified mortars in structural and semi-structural applications. The established correlations con-
firm that water absorption is not only a durability-related indicator but also a reliable proxy for 
estimating other physical characteristics in rubberized lightweight mortar systems.  

3.6 Analytical Evaluation and Comparative Performance of the ANN in Predicting 
28-Day Compressive Strength 

An ANN model was developed to predict the 28-day compressive strength of lightweight rubber-
ized concrete, achieving R² = 0.94, MSE = 0.72  MPa², and MAPE = 1.87%, confirming high predictive 
accuracy up to 30% rubber replacement. The parity plot Fig. 11 shows close agreement between 
predicted and experimental values along the 1:1 line, indicating reliable performance and practical 
utility in reducing repetitive tests and expediting mix design. A typical decreasing trend in f_(c 28d) 
with increasing rubber content is observed, mainly due to loss of matrix cohesion, the elastic/hy-
drophobic nature of rubber, and increased porosity that weakens the ITZ. A one-at-a-time pertur-
bation sensitivity analysis was conducted: each input (GTR content, dry density, water absorption, 
and UPV) was perturbed slightly while the others were held constant. The resulting change in the 
predicted 28-day compressive strength f_(c 28d) was recorded and used to rank input influence; 
as shown in Fig. 12, UPV was the most influential input, followed by dry density and water absorp-
tion. 

 

Fig. 11. Parity Plot: Predicted vs. Actual 𝑓𝑐 28𝑑 

Fig. 13 illustrates the joint effect of rubber content and UPV on 𝑓𝑐 28𝑑: higher UPV combined with 
lower rubber content is generally associated with higher strength, highlighting the ANN’s ability to 
capture nonlinear interactions. To further examine interrelationships, a Pearson correlation 
heatmap was constructed Fig. 14; its trends are consistent with the sensitivity ranking (rubber con-
tent negatively correlated with 𝑓𝑐 28𝑑 , UPV positively). Model accuracy and consistency were also 
verified through residual analysis (Fig. 15), where residuals are approximately normal and cen-
tered at zero, indicating unbiased predictions. 
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Table 4. Mechanical properties of rubberized lightweight mortar mixes (R0–R30) 
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Fig. 12. Sensitivity Analysis of Inputs on 𝑓𝑐 28𝑑 

 
 

Fig. 13. Effect of rubber replacement (%) and 
UPV on 28-day compressive strength  

Fig. 14. Correlation Heatmap Between Input                                                                                                                  
Features and 𝑓𝑐 28𝑑 

For benchmarking, the ANN was compared with third-order polynomial regression, Gaussian Pro-
cess Regression (GPR), and Support Vector Machines (SVMs). The SVM used a radial basis function 
kernel, 

𝐾(𝑥𝑖 , 𝑥𝑗) = 𝑒𝑥𝑝(−𝛾 ∥ 𝑥𝑖 − 𝑥𝑗 ∥2) 12 

where γ controls the smoothness of the decision boundary and influences generalization. On the 
other hand, the GPR model employed a squared exponential covariance function: 

𝑘(𝑥𝑖 , 𝑥𝑗) = 𝜎2𝑒𝑥𝑝 (−
(𝑥𝑖 − 𝑥𝑗)

2

2𝑙2
) 13 

The ANN outperformed the baselines (R² = 0.94; MSE = 0.72). Polynomial regression achieved R² = 
0.85; MSE = 1.10  MPa²; GPR slightly exceeded SVM (R² ≈ 0.84–0.86; MSE ≈ 1.2–1.5  MPa²), while 
SVM (RBF) yielded R² ≈ 0.82–0.83; MSE ≈ 1.6–1.9. These results highlight the superiority of the 
ANN for rubberized lightweight concrete and align with previous studies [57–59]. The developed 
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ANN thereby offers a reliable, cost-effective tool for predicting the mechanical performance of sus-
tainable concrete mixtures, enabling in-silico screening to reduce trial batches and shorten design 
cycles. 

 

Fig. 15. Enhanced Residual Plot (with mean and ±2σ bands) 

4. Conclusions 

These conclusions stem from a comprehensive set of advanced laboratory experiments and predic-
tive modeling aimed at assessing the behavior of lightweight mortar containing recycled rubber. 
The evaluation focused on essential mechanical and physical characteristics, while also examining 
the effects of key parameters on structural performance through the application of artificial intel-
ligence methods. The principal outcomes of the study are summarized below: 

• Strength loss with rubber replacement. At 28 days, compressive strength decreased from 
39.5 MPa (R0) to 16.8 MPa (R30) (−14.5%, −23.8%, −31.2%, −40.0%, −48.1%, −57.5% for 
R5–R30). At 90 days, strengths increased to 44.6 MPa (R0) and 19.2 MPa (R30), but the rel-
ative reductions remained 9.4–57.0%. The reduction is linked to ITZ weakening, higher po-
rosity, and the elastic/hydrophobic nature of rubber 

•  Rubber-enhanced mixtures demonstrated increased deformability, as shown by stress–
strain analysis and a notable reduction in elastic modulus  reaching up to 37.9 %. Although 
flexural strength declined with greater rubber content, the presence of 2% PVA fibers en-
hanced tensile resistance after cracking, improved ductility, and boosted energy absorption 
capabilities. 

•   Density, UPV, and absorption. Dry density fell from ≈2140 to ≈1720 kg/m³ and UPV from 
≈4.2 to ≈2.6 km/s as rubber increased from 0% to 30%, consistent with increased porosity 
and weaker internal continuity. Water absorption rose from ≈2.1% to ≈4.8%; using SCMs (fly 
ash, silica fume) with PVA fibers reduced pore connectivity and partially mitigated absorp-
tion. 

• Peak strain showed a slight increase at moderate rubber levels before tapering off at higher 
replacement rates. 

• Predictive modeling. The ANN predicted 28-day strength with R² = 0.94, MSE = 0.72  MPa²  , 
MAPE = 1.87%, outperforming polynomial regression, GPR, and SVM. Sensitivity analysis 
identified UPV as the most influential predictor of 𝑓𝑐 28𝑑 , followed by dry density and water 
absorption. 

• Semi-structural / non-critical structural uses: up to ≈15% GTR is a practical upper bound in 
this work, giving 𝑓𝑐 28𝑑≈27MPa, 𝑓𝑐 90𝑑 ≈33MPa, ρ≈1880kg/m3,UPV≈3.2km/s, and water 
absorption ≈3.4%. These mixes balanced reduced density with acceptable strength and UPV 
for light-duty elements and energy-dissipative applications. 
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•  Non-structural uses (blocks, infill, pavements, vibration-control layers): 20–30% GTR pro-
duced 𝑓𝑐 28𝑑≈24→17 MPa, UPV≈3.0→2.6km/s, ρ≈1800→1720kg/m3, and higher water 
absorption (≈3.9–4.8%). These are suited to non-load-bearing or serviceability-driven appli-
cations. 

• Replacing a portion of natural sand with granulated tire rubber repurposes end-of-life tires 
and curbs the extraction of virgin aggregates. The lower unit weight further decreases struc-
tural self-weight and can translate into reduced transport and handling impacts. 

• the ANN model provides a robust and efficient substitute for extensive experimental testing, 
offering valuable support for sustainable concrete design and optimization. 
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