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A B S T R A C T

The structural impact resilience of lightweight Lightweight Expanded Clay Aggregate (LECA) concrete refers to 
its capacity to withstand impact and other related loading effectively. Achieving a balance between lightweight 
properties and structural performance is crucial; however, research in this scope remains limited. This study 
explores these characteristics by evaluating the concrete’s ability to absorb impact energy, crack resistance 
relative to compressive strength, and its residual life. The concrete mix incorporates polypropylene fibres (PPF) 
between 0 % and 3 %, and the natural aggregate is entirely replaced with LECA. Slab specimens of varying 
thicknesses were subjected to varying low-velocity impact loadings and the results at both service and ultimate 
state were analysed using ANN and RSM. Intricate relationships between the material’s composition and its 
overall impact behaviour demonstrated a strong correlation with PPF below 1.0 % showing notable effects on 
workability, compressive, split tensile and flexural strengths while contributing to a density reduction. A general 
improvement in impact resilience parameters is observed in direct proportion to PPF and thickness – up to 33 
times in impact energy absorption and up to 17 times in crack resistance. However, higher residual strength is 
exhibited in concrete with lower thickness due to its greater toughness, further highlighting a significant in
fluence of the fibre-to-concrete dimension ratio on the impact resilience of the concrete. Moreso, results from 
both ANN and RSM demonstrated strong agreement in all responses within a 95 % confidence interval and R- 
square of 0.987.

1. Introduction

The utilisation of lightweight concrete in construction is an age-long 
practice, which can be traced back to 128 A.D. in ancient Rome. Spe
cifically, exemplified by the construction of the dome of the Pantheon, 
spanning over 43 m [1]. Generally, foaming agents [2,3] or lightweight 
aggregates such as slate, shale, beads, lightweight expanded clay ag
gregates (LECA) and other synthetic aggregates [4–7] are incorporated 
to achieve an overall reduced concrete density of 1400 kg/m3 – 
1840 kg/m3, compared to 2200 kg/m3 – 2400 kg/m3 for conventional 

concrete. The reduced density is a result of the porous medium created 
by either partially or completely incorporating lightweight aggregate 
instead of natural coarse aggregate [8,9]. Thus, offers several advan
tages in the construction of high-rise buildings, bridge decks, protective 
barriers etc, thereby making it cost-effective [10–13]. Detailed guidance 
on structural lightweight aggregate and general requirements can be 
found in ACI PRC-213 [14] and ASTM C331/C331M[15].

Unlike the natural aggregate, which can withstand 60–80 % of 
compressive loads, the LECA is capable of carrying only about 40 – 60 % 
compressive load. This limitation directly influences the concrete which 
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is known to have a direct relation with the impact energy absorption. 
Therefore, it is crucial to enhance the cement matrix and interfacial 
transition zone (ITZ) to improve LECA concrete performance. To maxi
mize the load-bearing capacity, the concrete mix must focus on ensuring 
a robust ITZ. Additionally, the void spaces inherent in lightweight 
concrete facilitate energy dissipation, thereby reducing the likelihood of 
brittle failure due to their large deformation capability [16].

The Impact energy absorption of concrete refers to its ability to 
accommodate and dissipate a certain threshold of impact loading before 
the emanation of cracks. These characteristics are crucial for applica
tions where concrete must withstand sudden forces, such as protective 
barriers, blast-resistant structures, and seismic-resistant structures. 
When subjected to impact loading, the energy is absorbed through 
different mechanisms, including deformation of the concrete matrix, 
followed by the crushing of aggregate and subsequent propagation of 
cracks that ultimately lead to failure [17]. Despite the several high
lighted advantages of lightweight concrete, it also presents some 
drawbacks, such as reduced mechanical strength [18], longevity-related 
issues, and an early susceptibility to crack formation. For this reason, 
research efforts to overcome these challenges have been reported and 
related investigations are still ongoing [19,20–23,24,25,26,27]. For 
instance, a recent study explores the impact performance of a light
weight oil palm shell (OPS) concrete when subjected to impact loading 
under varying boundary conditions [28], considering up to 5 % poly
propylene fibre and 8 boundary conditions. The findings demonstrated a 
remarkable enhancement, with impact energy absorption and crack 
resistance showing improvements of 20 and 29 times, respectively, 
compared to plain OPS concrete. Another study reported an impressive 
80 % increase in flexural and impact energy absorption when basalt 
fibre was included in lightweight aggregate concrete [29]. The use of 
fibre in lightweight aggregate concretes has also been acknowledged to 
address issues such as low strength and impact toughness, even in harsh 
environments. Specifically, incorporating 6 kg/m3 of fibre has been 

shown to mitigate strength loss under freeze-thaw cycles by effectively 
bearing tensile stress and preventing crack propagation [30]. Further
more, the addition of 1.15 % hooked-end steel fibre in lightweight 
aggregate concrete resulted in a reported 20-fold improvement in frac
ture energy[31]. In this context, the present study employs the Artificial 
Neural Network (ANN) and Response Surface Methodology (RSM) to 
predict the energy absorptions and crack resistance of lightweight 
fibre-reinforced LECA concrete subjected to impact loading.

The recent trend of in integrating ML algorithms in research has 
yielded several benefits in modelling and predicting concrete 

Table 1 
Oxide composition of Cement and Micro-silica used.

Oxide component Composition (%)

Cement Micro-silica

Lime (CaO) 64.34 1.85
Silica (SiO2) 21.48 92.9
Alumina (Al2O3) 5.60 0.16
Alkalies (K2O, Na2O) 0.44 1.04
Sulphur Trioxide (SO3) 2.24 -
Magnesia (MgO) 2.07 0.26
Iron Oxide (Fe2O3) 2.26 0.58
TiO5 0.51 -
P2O5 0.17 -
Loss of Ignition (LOI) 0.64 0.3

Fig. 1. Particle size distributions (a) Fine Aggregate (b) LECA.

Table 2 
PPF and slab thickness from experimental design.

Run PPF (%) Slab Thickness 
(mm)

Run PPF (%) Slab Thickness 
(mm)

1 0 30 19 0 50
2 0.75 30 20 0.75 50
3 1 30 21 1 50
4 1.5 30 22 1.5 50
5 1.75 30 23 1.75 50
6 2 30 24 2 50
7 2.5 30 25 2.5 50
8 2.75 30 26 2.75 50
9 3 30 27 3 50
10 0 40 28 0 60
11 0.75 40 29 0.75 60
12 1 40 30 1 60
13 1.5 40 31 1.5 60
14 1.75 40 32 1.75 60
15 2 40 33 2 60
16 2.5 40 34 2.5 60
17 2.75 40 35 2.75 60
18 3 40 36 3 60

Fig. 2. Low-velocity impact test set-up.
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performance, particularly due to their ability to handle complex prob
lems with high precision [32–35]. In addition, the utilisation of ML 
prediction models such as ANN comes with many advantages in terms of 
reduced cost, economical material utilisation, and time. Several studies 
have employed ANN to predict different concrete responses and more. 
For instance, Maqsoom et al.[36] combined ANN with multivariate 
regression to predict concrete properties cured in hot weather. Another 
study integrated ANN with SVM to predict the type of fly ash concrete, 
with the models demonstrating remarkable performance, achieving a 

correlation of up to 0.97 with minimal error [37]. Lin and Wu[38] also 
predicted the compressive strength of concrete using ANN, leaveraging 
database of actual concrete mix proportions sourced from the literature. 
The ANN model adopted in the study has been shown to outperform the 
models in the referenced studies. Similarly, the predicted compressive 
strength of concrete produced from recycled aggregate using ANN and 
Response Surface Methodology (RSM) was investigated [39]. The find
ings indicated strong correlations between the ANN and RSM-predicted 
responses based on the statistical comparisons. Other studies utilised 
ANN to predict the mechanical properties of rubberised concrete sub
jected to elevated temperatures [40], while additional studies explored 
the compressive strength of concrete containing metakaolin [41], all 
have demonstrated strong correlations with the referenced experimental 
results.

Although previous studies have proposed models to predict the me
chanical properties of different types of concrete [42]. There are limited 
studies focused on predicting the structural impact resilience of light
weight fibre-reinforced LECA concrete. Hence, this study aims to bridge 
this gap by utilising ANN and RSM to investigate the resilience of t LECA 
concrete under impact loading. The research will explore energy ab
sorption, crack resistance, and residual strength across varying pro
portions of polypropylene fibre (PPF) and different concrete thicknesses. 
This is crucial because the impact performance influences other prop
erties, including compressive strength and flexural behaviour. The LECA 
is considered a complete substitute for the natural aggregate. The test 
specimens consisted of 300 mm square slabs of varying thicknesses 
ranging between 30 mm to 60 mm, each containing PPF between 0 % 
and 3 %. Furthermore, a single dose of micro-silica has been added to the 
concrete mix to fill up the void spaces in the LECA and the ITZ, while 

Fig. 3. Developed ANN model structure.

Fig. 4. Slump, dry density and compressive strength of LECA fibre-reinforced concrete.

I.A. Ja’e et al.                                                                                                                                                                                                                                   



Construction and Building Materials 471 (2025) 140699

4

also enhancing the particle parking through the formation of excess 
calcium silicate hydrate (C-S-H) gel. This approach addresses the con
cerns regarding the trade-off between energy absorption capability and 
other associated structural properties, as noted in previous studies.

1.1. Significance of study

The study employed ANN and RSM techniques to investigate the 
structural impact resilience of lightweight fibre-reinforced concrete. It 

focused on the impact energy absorption, crack resistance relative to 
compressive strength, and residual strength, considering varying PPF 
volume fractions and Slab thicknesses. Furthermore, the research 
explored the correlation between responses under both service and ul
timate loading conditions. Considering the improvements observed, 
these findings will inform the application of lightweight LECA concrete 
reinforced with PPF in construction, especially related to infrastructural 
projects, commercial and industrial floors, heavy-duty pavements, pro
tective barriers and blast-resistant structures.

Fig. 5. Flexure and Split tensile strength of fibre-reinforced LECA concrete.
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2. Materials used and procedures

2.1. Materials

Grade 42.5 Ordinary Portland Cement (OPC) following Malaysian 
Standard MS 522 [43] was used to manufacture both plain and 
fibre-reinforced lightweight concrete. The oxide composition of the 
cement and micro silica determined using X-ray Fluorescence is pre
sented in Table 1.

Other materials used include LECA, fibrillated PPF and micro-silica. 
The LECA sizes as shown in Fig. 1(a) range between 4 – 20 mm as 
provided in ASTM C33/C33 M, with a density of 720 kg/m3. Fig. 1(b) 
4.75 mm demonstrates the well-graded fine aggregate distribution.

The polypropylene fibre (PPF) used is the fibrillated type 19 mm in 
length and has a diameter of 0.75 mm, resulting in an aspect ratio of 
25.33. Furthermore, it has a specific gravity is 0.9 kg/m3, with a tensile 
strength and Young’s modulus of 400 MPa and 1150 MPa, respectively. 
Sika Viscocrete-2192, a polycarboxylic ether, is used as the super
plasticizer [44]

2.2. Design of experiment and concrete mix design

2.2.1. Design of experiment
The two main variable constituents in the study polypropylene fibre 

(PPF) and Slab thicknesses were used to design the experiment utilising 
the optimal design method available in Version 13: 2021 of the Design 
Expert software. The choice of the design expert software is due to its 
flexibility. The PPF is defined as a continuous variable with contents 
ranging from 0 % to 3 %, while slab thickness is defined as a four-level 
discrete, consisting of 30 mm,40 mm, 50 mm and 60 mm to allow for an 

accurate representation of the responses.
The study considered Polypropylene Fiber (PPF) and Slab Thickness 

as factors, while crack resistance ratio, Impact energy absorptions, and 
crack resistance at service and ultimate state are analysed as the re
sponses. The detailed factors from the experimental design are presented 
in Table 2. Regression models were also developed and validated using 
ANOVA in the same software.

2.2.2. Concrete mix design
A grade 30 MPa structural lightweight concrete was used in this 

study, designed according to established LECA mix design guidelines
[45]. The plain concrete constituents include 506.19 kg of cement, 
546.69 kg of fine aggregate, and 582.12 kg of coarse aggregate (LECA), 
with a 0.36 water-cement ratio. Additionally, 2.5 % superplasticiser, 
10 % micro-silica, and a varying volume fraction of polypropylene fibre 
content ranging from 1 % to 3 % were used. Based on the experimental 
design (detailed in Section 2.2.1), 108 slab specimens of thicknesses 
ranging from 30 mm to 60 mm were produced, 3 specimens for each of 
the 36 fibre components, shown in Table 2. The results of each run (mix) 
were analysed for their correlational influence on concrete properties.

2.2.3. Concrete preparation
Since the LECA replaced natural aggregate in the concrete, the 

overall density was maintained between 1500 kg/m3 and 1800 kg/m3. 
To improve the ITZ of the final concrete, the LECA was fully saturated 
with portable tap water for 24 h and dried for 2 h to ensure saturated dry 
surface condition before being used in the mix. Soaking the LECA min
imizes loss of workability and enhances bonding with the cement paste, 
which in turn improves the concrete’s strength. Furthermore, it was 
anticipated that the synthesis of more C-S-H from micro-silica would fill 
the ITZ micro-pore.

The cement, sand, and LECA were properly mixed before sprinkling 
the fibre to ensure adequate distribution, followed by water, micro silica 
and superplasticizer. Once a homogeneous mix is achieved concrete is 
placed in a lubricated formwork (300 mm x 300 mm) and allowed to 
cure under room temperature. Subsequently, formwork is removed and 
specimens submerged in a water bath for 28 days.

2.3. Experiments

2.3.1. Densities and compressive strengths of fibre reinforced LECA 
concrete

The density of the LECA concrete was assessed in accordance with 
the guidelines set forth by ASTM C642. To facilitate this assessment, a 
representative sample of the hardened LECA concrete was oven-dried at 
110 ◦C until a constant weight (Wd) was achieved. Subsequently, the 
oven-dried specimen was submerged in clean water at room tempera
ture for 24 hours, and weighed after being surface-dried with a damp 
cloth (Wssd). The specimen was then re-weighed while suspended in 
water (Ws). The concrete’s dry density was computed using Eq. (1). 

Dry Density =
Wd − Wssd

WS
(1) 

The compressive strength of the LECA concrete with 0 %, 0.5 %, 
0.75 % and 1.0 % volume fractions of PPF was assessed by crushing 
150 mm square concrete cubes using a universal testing machine, 
following ASTM C39 [46]. A gradual compressive loading rate ranging 
between 0.01 – 0.03 MPa/sec was applied to each specimen. For each 
PPF content, three specimens were prepared and tested to determine the 
average compressive strength.

2.3.2. Split tensile and flexural strength
The split tensile strength offers valuable insight into the shear 

resistance capability of concrete. This strength was assessed by applying 
a diametral compressive load along the length of a 150 mm cylindrical 
concrete specimen, following the guidance outlined in ASTM C496 [47]. 

Table 3 
Statistical validation of the ANN model.

Measures Eas Eau Crs Cru

Training

RSquare 0.9997 0.9998 0.9997 0.9987
RASE 1.9601 2.6808 4.131872 4.6306
Mean Abs Dev 6.9122 2.1341 2.225494 1.1679
LogLikelihood 2.4579 5.0537 2.0279 1.8946
SSE 6.2475 7.024 5.711 5.0638
Validation
RSquare 0.9999 0.9999 0.9996 0.9974
RASE 4.1555 4.8048 2.4346 1.5479
Mean Abs Dev 3.7975 8.6876 3.1449 1.2461
LogLikelihood 19.9037 26.5923 8.8714 5.7556
SSE 12.8829 17.2155 6.6130 3.6143
Test
RSquare 0.9990 0.9991 0.9991 0.9981
RASE 14.4275 7.6183 6.22982 2.8081
Mean Abs Dev 11.0591 8.5285 4.9036 3.0604
LogLikelihood 8.6165 6.9751 1.1316 3.4430
SSE 7.0796 2.5791 9.0761 4.1835

Table 4 
ANOVA results.

Parameter Eas (Joules) Eau (Joules) Crs (MPa) Cru (MPa)

Model Type Quadratic Quadratic Quadratic Quadratic
R2 0.9997 0.9998 0.9999 0.9999
Adjusted R2 0.9995 0.9998 0.9999 0.9999
Predicted R2 0.9980 0.9990 0.9996 0.9998
F-value 332.98 400.15 297.08 93.09
P-value < 0.0001 < 0.0001 < 0.0001 < 0.0001
A < 0.0001 < 0.0001 < 0.0001 < 0.0001
B < 0.0001 < 0.0001 < 0.0001 < 0.0001
AB < 0.0001 < 0.0001 < 0.0001 < 0.0001
A2 < 0.0001 < 0.0001 < 0.0001 < 0.0001
B2 < 0.0001 < 0.0001 < 0.0001 < 0.0001

I.A. Ja’e et al.                                                                                                                                                                                                                                   



Construction and Building Materials 471 (2025) 140699

6

The loading rate was consistently maintained within the range of 0.0012 
– 0.0233 MPa/sec.

Furthermore, the flexural strength of the concrete was determined 
through a 3-point bending test conducted on a 500 mm x 150 mm x 
150 mm concrete beam, as specified in ASTM C78 [48]. During the test, 
the loading rate was maintained between 0.015 – 0.02 MPa/sec.

2.3.3. Impact resistance test
The low-velocity impact test based on ACI 544–2 R[49], was used to 

investigate the combined varying effects of PPF and slab thickness on the 
impact energy absorption, crack resistance, and overall damage mech
anism of the proposed LECA concrete. 300 mm square concrete slab 
specimens in 30 mm, 40 mm, 50, and 60 mm thicknesses are utilized. To 
replicate a low-velocity impact scenario on the specimen’s frontal sur
face, a cylindrical steel ball is dropped from a regulated height for each 
specimen, as shown in Fig. 2. The specimens are adequately placed on 
the test frame, thus providing support on four sides.

The weight of the cylindrical balls and the heights of fall were 
adjusted according to the fibre content and slab thickness in order to 
correspondingly access the lightweight concrete’s impact resistance and 
crack resistance capabilities. Samples without PPF were subjected to 
impact from cylindrical steel ball weighing 0.509 kg and falling through 
a height of 0.5 m, while cylindrical balls weighing 1.05 kg with varying 
heights of fall of 0.48 m, 0.58 m, and 0.68 m were used for specimens 
containing fibre contents of 0.5 %, 0.75 %, and 1.0 %, respectively. This 
enables a scenario with different slab thicknesses and PPF contents that 
are proportionate in terms of impact and potential energy. Eqs. (2) - (8)
were used to calculate the responses at service and ultimate loading 
based on the number of blows and the cylindrical ball drop height that 
caused service and ultimate cracks in each example [16,28,49]

e = mgh (2) 

Where m is the ball mass, g is 9.81 m/s2, h is the height at which the ball 
is dropped, and e is the energy of blow (Joules). 

Eas = Ns ∗ e (3) 

Eau = Nu ∗ e (4) 

The Ultimate energy absorption is denoted by Eau, whereas the ser
vice energy absorption is denoted by Eas in Eqs. 3 and 4. Nu is the number 
of blows when the sample failed (i.e., at ultimate cracks), while Ns is the 
number of blows until the service crack. 

Crs = Eas/ (lc ∗ Crmax ∗ Cw) (5) 

Cru = Eau/ (lc ∗ T ∗ Cw) (6) 

Service and crack resistance are represented by Crs and Cru in Eqs. 5 
and 6. T is the specimen thickness, Cw is the maximum crack width, lc is 
the total length of all cracks, and Crmax is the maximum crack resistance.

The service and ultimate crack resistance ratio are computed through 
Eqs. 7 and 8. 

CRs = Crs/ fcu (7) 

CRu = Cru/ fcu (8) 

Where CRs is the Service Impact crack resistance ratio, CRu is the Service 
Impact crack resistance ratio, while fcu is cube compressive strength.

Furthermore, to easily evaluate quantitatively the improvement in 
the impact resistance characteristics; the impact residual strength ratio 

Fig. 7. Specimens crack pattern of LECA PPF-reinforced concrete Impact Energy Absorption.
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(IRS) was formulated as the ratio of ultimate impact energy to service 
impact energy as given in Eq. 9 [50]. 

IRS = Crs/ Cru (9) 

Where IRS represent the Impact residual strength ratio.
In this context, the IRS serves as a valuable tool for evaluating the 

post-crack behaviour of the composites and can also be regarded as an 
indicator of the ductility imparted to the composite by the fibres inte
grated into the matrix.

3. Model development

3.1. ANN model

The development of the ANN model in this study was implemented 
using Version 17: 2022 JMP pro software due to its flexibility and 
robustness. A Multilayer Perceptron (MLP) ANN model of the structure 
2–6–6 was developed, consisting of 2 input layers, 6 hidden layers (3 and 
3) and 6 output layers as shown in Fig. 3. The MLP was adopted due to its 
reported excellent performance [51–53]. The PPF and slab thickness are 
defined as the input parameters while service impact energy absorptions 

(Eas), ultimate impact energy absorptions (Eau), service crack resistances 
(Crs), ultimate service crack resistances (Cru) are defined as the output, 
crack resistance ratios at service (CR.rs) and ultimate loading (CR.ru) 
respectively.

To arrive at the optimal 2:6:6 ANN model structure, that is, a model 
with high learning capacity, the experimentally designed results were 
partitioned into 60 %, 20 %, and 20 % for training, validation and 
testing respectively. For each partition, the relationship between 
training, validation and testing data was accessed in terms of the number 
of splits and compared with the coefficient of determination (R2), 
thereafter the optimum model corresponding to the split with the 
highest R2 was adopted.

The K-Fold validation method with 3 seed random reproducibility 
was utilised, with the TanH activation sigmoid to determine the number 
of hidden layer structures. A boosting learning rate of 0.1 was adopted 
with 1 no. of tours as the fitting option.

3.2. Response surface methodology

Response surface methodology (RSM) is a highly effective approach 
that is widely utilised across various fields today. It comprises a set of 
mathematical and statistical techniques designed for modelling, 

Fig. 8. Impact energy absorptions.
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evaluating the effects of multiple variables, and optimization [54]. 
Traditionally, RSM relies on experimental data; however, observational 
data can also be considered an alternative [55]. The most commonly 
used software options for RSM include design expert software, Minitab, 
and XLSTAT. For this study, version 13:2021 of Design-Expert has been 
selected due to its flexibility. The correlational relationship of factors 
and responses is represented through contours and surface profilers, 
effectively illustrating their relationship.

The optimal design method, derived from 2-factorial designs, was 
utilised for its flexible structure, which allows customization of the 
models. PPF and Slab thicknesses are the factors under consideration. 
The results are analysed further using ANOVA and diagnostic assess
ments. Based on the relationship between the responses and factors, 
various models- such as quadratic, linear or cubic - are proposed as 
illustrated in Eqs. (10) and (11). 

f = A0 +A1xi + A2xii… Anxn +φ (10) 

Where f and xrepresent the factor xand variable respectively. Also, A0 is 
the intercept at xi = xj = 0, A is the coefficients. 

f = A0 +
∑n

i=1
Aixi +

∑n

i=1
Aiixi

2 +
∑n− 1

i=1

∑n

j>1
Aijxixj +φ (11) 

i is the linear and j is the quadratic quantities, while n represent a 
numerical variable.

For each analysis, results from ANOVA demonstrate variability be
tween the impact resilience parameters of the concrete specimens, 
assessed for statistical significance with a 95 % confidence level. Each 
analysis evaluates the statistical significance of p − value ≤ 0.05. The 
lack of fits, variations between adjusted and predicted coefficient of 
determinations (R2

aandR2
p) standard deviations are also considered.

3.3. Model performance metrics

The prediction performances of the ANN model were evaluated using 
four statistical metrics, namely the sum of Square Errors (SSE)coefficient 
of correlation (R2), Root Average Squared Error (RASE), and Mean Ab
solute Deviation (MAD). The R2 highlights the proportion of the vari
ance in the response variable of the model, the value ranges from 0 to 1, 
and the closer it is to 1 the better. On the other hand, the RMSE tells us 

Fig. 9. Crack resistance of lightweight LECA concrete.
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how far apart the predicted result is from the original. The MAD mea
sures the variability that indicates the average distance between ob
servations and their mean, while the SSE measures the random error, or 
the unexplained variation.This is crucial for understanding the output’s 
consistency with the target values. The statistical performance metrics 
were computed using Eqs. (12) – (15). 

R2 = 1 −

∑n
i=1(Rei − Rpi)

2

∑n
i Rpi

2 (12) 

MAD =

∑
|xi − μ|

n
(13) 

RASE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑n

i=1

(
Rei− Rpi)

2)
√

(14) 

SSE =
∑

(Y − Ŷ)
2 (15) 

4. Results and discussion

4.1. Dry unit weight, workability, and compressive strength

Fig. 4 demonstrates a general declining trend in workability 
(Fig. 4a), which decreases by approximately 10 %, as well as in dry unit 
weight (Fig. 4b), which declines by about 3.8 % for each 0.25 % incre
ment in PPF volume fraction. Furthermore, compressive strength is 
noted to decrease by about 65 % (Fig. 4c). While the reduction in dry 
unit weight is impressive, indicating that the inclusion of more PPF leads 
to lighter LECA concrete, this benefit comes at the expense of work
ability. Consequently, a higher w/c ratio becomes necessary, leading to 
a further reduction in compressive strength.

The decreased workability is a consequence of the increased contact 
surface area between the cement matrix, LECA and the PPF, leading to 
higher resistance to flow within the concrete mix, as confirmed by 
previous study [56]. The decrease in dry unit weight can be attributed to 

Fig. 10. Surace profile representation of Crack resistance ratio at service and ultimate loading.
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Fig. 11. Correlation of ANN-predicted responses.

Fig. 12. Comparison between actual and ANN-predicted responses.

I.A. Ja’e et al.                                                                                                                                                                                                                                   



Construction and Building Materials 471 (2025) 140699

11

the higher void content within the concrete associated with the LECA, as 
confirmed by another study [57].

On the other hand, the decrease in compressive strength is attributed 
to LECA’s inability to withstand the anticipated 60 %-75 % compressive 
load [58,59] typically expected from coarse aggregate in concrete. 
While this observation may be subjective to the type of LECA used in this 
study, it highlights the limitations of fully substituting natural aggre
gates with LECA as coarse aggregates due to its inherent porosity. 
Furthermore, the possibility of a weak bond between LECA, PPF and the 
cement paste could contribute to this phenomenon, resulting in 
increased porosity around the ITZ and subsequently affecting load 
transfer and leading to more rapid crushing of the LECA, ultimately 
culminating in concrete failure [60]. The influence of PPF on density is 
demonstrated in Fig. 4(c.).

4.2. Flexural and split tensile strength

Fig. 5(a, b and c) depicts the flexural and split tensile behaviour of 
LECA concrete containing varying PPF volume fractions. It was observed 
that incorporating PPF content of up to 0.75 % negatively affected both 
responses. Nonetheless, a notable enhancement of 90 % was noted when 
PPF content increased from 0.75 % to 1.0 %, indicating that a higher 

level of PPF enables the concrete to better withstand increased flexural 
loadings. Furthermore, the load-displacement curve (Fig. 5b) reveals 
that all samples containing PPF exhibit improved performance beyond 
their ultimate strength, effectively delaying crack manifestation.

In contrast, the control specimen without PPF (0 %PPF) demon
strates a sudden drop in the curve, indicating immediate failure after 
attaining its ultimate strength. Consequently, the sample containing 1 % 
polypropylene fibre demonstrated superior load-deflection perfor
mance, yielding a 180 % improvement in crack resistance, although 
accompanied by a corresponding 5 % decrease in ultimate strength. 
These findings are in agreement with previous studies [60,61].

A trend similar to that observed in flexural strength is also evident in 
the split tensile strength, as shown in Fig. 6(c). When the PPF content is 
below 1.0 %, there is a significant decline in performance. However, 
when increased to 1.0 % PPF, there is an increase of approximately 
23 %. This infers that 1.0 % PPF optimally bridges the cracks and dis
tributes stress more evenly throughout the concrete [16,60,62].

4.3. Model performance

4.3.1. ANN
The data is portioned into training, validation and testing using the 

decision tree technique. The split history shown in Fig. 6 demonstrates 
no further improvements in the validation dataset after four splits. The 
value of R2 of 0.8812 obtained with these four splits supports the model 
as a robust predictor of the response. Overall, the R-square values for the 
model are in the range of 0.99 as shown in Table 3.

4.3.2. RSM
The statistical result shown in Table 4 demonstrates reasonable 

agreement, with all p-values maintained below the allowable threshold 
of 0.05. Additionally, the variation between predicted R2 and adjusted 
R2 is significantly low, < 0.2, a measuring criterion according to the 
design expert manual - Version 13:2021. The experimental results are 
also analysed using the same software using response surface 
methodology.

4.4. Analysis of responses

4.4.1. Specimen failure pattern under impact loading
Fig. 7 presents the crack patterns observed in LECA concrete slab 

specimens of varying PPF content and thicknesses when subjected to 
proportional low-velocity impact loading. A detailed examination in
dicates that, although the crack patterns are largely consistent, there is a 

Fig. 13. Percentage error between RSM and ANN-Predicted responses.

Fig. 14. Variation of crack resistance relative to compressive strength.
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notable increase in the number of blows sustained before ultimate fail
ure with each increment in the slab thickness and PPF volume fraction. 
This enhancement in the number of accommodated blows accommo
dated reflects an improvement in the overall structural impact resil
ience, specifically the energy absorption capacity of the concrete, 
thereby increasing its crack resistance. These findings are in line with 
those reported in previous studies [62–64].

4.4.2. Impact energy absorptions
The figures depicted in Fig. 8 demonstrate the energy absorption 

capabilities of the lightweight fibre-reinforced LECA slab concrete under 
ultimate impact loadings. These plots highlight the significant influence 
of varying PPF and slab thickness on the concrete’s impact resilience 
performance. Eqs. 16 and 17 are the predictive models for the observed 
responses. The results indicate a consistent enhancement with 
increasing PPF content at both service and ultimate loading, reiterating 
the ability of the LECA aggregate to withstand impact loading. Specif
ically, the optimal energy absorption values of 2205.9 Joules and 7404.9 
Joules were attained with the 60 mm thick slab containing 3 % PPF, 
representing an impressive improvement of 11 times and 33 times, 
respectively. The responses generated by both ANN and RSM are 
aligned, further validating the accuracy of both models. 

Eas = 387.95 − 362 ∗ PPF − 24.05 ∗ ST+9.06 ∗ PPF ∗ ST+157.31

∗ PPF2 +0.37 ∗ ST2

(16) 

Eau = 1027.25 − 1347.15 ∗ PPF − 63.23 ∗ ST+28.26 ∗ PPF

∗ ST +610.35 ∗ PPF2 +1.04 ∗ ST2 (17) 

The influence of PPF becomes increasingly pronounced as the slab 
thickness increases, as evidenced by a gradual transition in colour from 
blue to cyan, green, yellow-orange, and finally red. A significant 
enhancement is noted when PPF exceeds 2 %, suggesting an improved 
capacity for impact absorption in the specimens. Conversely, PPF% 
below 0.6 % show no contribution to this improvement.

The length of fibres, the efficient fusion of LECA, and the subsequent 
densification of the microstructure due to the increased C-H-S produced 
from micro-silica are some of the key factors responsible for the 
observed improvements. Another study demonstrated relevant im
provements in the impact resistance of 2-way slabs containing 0.9 % PPF 
content [65]. Comparable gains have also been reported in other studies 

involving steel and basalt fibre [62,64,66]. Furthermore, it has been 
noted that incorporating up to 10 % silica fume into concrete signifi
cantly boosts the compressive, tensile, and flexural strengths of LECA 
concrete [67].

4.4.3. Crack resistance
The 2D contour plots presented in Fig. 9 illustrate the influence of 

slab thickness and PPF content on crack resistance under different stages 
of impact loading. Eqs. 18 and 19 are the developed prediction models 
for these responses. An increase in both PPF and slab thickness leads to 
enhanced crack resistance, achieving optimal values of 11930 MPa at 
service and 170337 MPa at ultimate loading conditions. This signifies an 
83-fold and 17-fold enhancement in the service and ultimate perfor
mance of the control sample without PPF. However, it is worth noting 
that PPF contents of up to 0.6 % and 1.5 % negatively impact the service 
and ultimate crack resistance of the concrete, respectively. 

Crs = 1214.12 − 1876.23 ∗ PPF − 65.83 ∗ ST+42.57 ∗ PPF

∗ ST +1084.86 ∗ PPF2 +0.86 ∗ ST2 (18) 

Cru = 38142.47 − 71507.49 ∗ PPF − 1054.55 ∗ ST+577.59 ∗ PPF

∗ ST+29497.87 ∗ PPF2 +8.43 ∗ ST2 (19) 

The observed improvement in the crack resistance behaviour is due 
to the high tensile stress properties of the PPF, which effectively inhibit 
both the initiation and propagation of cracks, especially as the thickness 
of the slab increases [68]. Furthermore, evidence suggests that longer 
fibres exhibit greater resistance to cracking [69].

4.4.4. Crack resistance ratio
The crack resistance ratio quantifies the effectiveness of the concrete 

to resist cracking relative to its compressive strength. Fig. 10 demon
strates the predicted relationships of the specimen with varying thick
nesses and PPF under service and ultimate loading state. Eqs. 20 and 21
are the predictive models of the responses. 

CRrs = 12.93 − 12.07 ∗ PPF − 0.80 ∗ ST+ 0.30 ∗ PPF ∗ ST+5.25

∗ PPF2 +0.01 ∗ ST2 (20) 

CRru = 34.24 − 44.91 ∗ PPF − 2.11 ∗ ST+0.94 ∗ PPF ∗ ST+20.35

∗ PPF2 +0.03 ∗ ST2 (21) 

In both ANN and RSM surface profiles, thicknesses below 36 mm 
containing less than 0.6 % PPF demonstrate no crack resistance 
completely relative to the compressive strength when subjected to ser
vice loading. However, an improvement is observed with increases in 
both PPF and thicknesses, with the PPF having a slightly greater influ
ence. On the other hand, at ultimate loading, the concrete shows 
enhancement throughout compared to the control sample.

4.5. Multivariate analysis of ANN predicted responses

Fig. 11 demonstrates the correlation matrix of the predicted re
sponses. The upper triangle plot is completely red, indicating a high 
correlation between energy absorptions and crack resistance, and crack 
resistance ratios of the concrete at both service and ultimate states. The 
perfect fit in the lower triangle plot further supports this. The least 
correlation of 0.91 can be seen to exist between service impact energy 
absorptions and ultimate crack resistance. In general, the plot indicates 
that the increase in each of the responses increases other responses.

4.6. Comparison of ANN-predicted and RSM responses

A direct comparison between all actual and predicted responses on 
all thirty-six runs as shown in Fig. 12 reveals a strong agreement with 
predicted mean deviations of 0.2 %, - 0.22 %, 0.18 % and 0.12 % for 

Fig. 15. Residual strengths.
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service impact energy absorption, ultimate energy absorptions, service 
crack resistance, and ultimate crack resistance respectively.

Moreover, the plot trend reveals the correlational significance of the 
two factors; PPF and slab thickness on the Eas, Eau, Crs, and Cru. The 
PPF is seen to influence the increase of all the responses significantly. 
These results further demonstrate the robustness of the proposed ANN 
model.

Fig. 13 shows the percentage of error between the RSM and ANN- 
predicted responses. The highest increased variation is about 3.1 % at 
Run 8 with the highest decrease of about − 1.5 % at Run 23. These 
variations are attributed to the limited number of data considered. 
Nonetheless, the general prediction performance of about 95 % is ach
ieved with less than 2 % variation. These affirm the robustness of the 
ANN as a strong prediction tool as confirmed by previous studies [36,38, 
40,41].

4.7. Crack resistance ratio relative to compressive strength

Fig. 14 illustrates the variation of the crack resistance ratio of LECA 
concrete with varying PPF content and slab thickness under service and 
ultimate impact loading. This relationship demonstrated how effectively 
the concrete resists cracking relative to the respective compressive 
strength. The plot shows the increase in crack resistance directly pro
portional to both PPF and slab thickness at both service and ultimate. 
Aside from the contribution of the PPF in enhancing the toughness of the 
concrete, the LECA as a coarse aggregate has successfully withstood the 
anticipated 60 % - 75 % compressive loading.

4.8. Residual strength ratio

The residual strength ratio (Irs) shown in Fig. 15 is a toughness 
parameter, computed here as the ratio of ultimate to service impact 
energy absorptions of the respective specimens to demonstrate the 
remaining service life of each specimen considering variations in 
thickness and PPF volume fraction. A closer observation reveals a 
notable jump in the residual strength of 30 mm and 40 mm specimens 
with PPF up to 0.75 %, followed by a sharp drop. This behaviour stands 
in contrast to the results observed in the 50 m and 60 mm slabs. 
Nonetheless, there remains a consistent residual strength across all 
specimens with PPF contents ranging between 1.5 % and 3 %.

This consistent performance indicates a reliable level of toughness 
and energy absorption after cracking, thereby demonstrating the effec
tiveness of higher fibre content in bridging cracks. These characteristics 
not only enhance design flexibility for optimising material usage and 
cost but also ensure that structural integrity remains uncompromised. 
Furthermore, incorporating PPF in this range can facilitate effective 
uniform load distribution, thereby reducing the likelihood of localised 
failures.

It is also observed that the residual strength decreases as the slab 
thickness increases. Suggesting that the load transfer mechanism, stress 
distribution and the fibre aspect ratio have a more pronounced effect in 
thinner slabs, thereby enhancing the overall performance.

4.9. Practical implications and applications

The findings reveal a strong correlation between the structural 
impact resilience parameters of the LECA concrete considered, demon
strating notable improvements in crack resistance and impact energy 
absorption in relation to the compressive strength. This is reflected in 
the residual strength, which, along with the durability, increases in 
direct proportion to both PPF and slab thickness. Furthermore, this 
underscores the LECA concrete’s ability to withstand harsh conditions 
and mechanical stresses over time, thereby reducing maintenance costs 
and extending the life span of the structure. The consistent residual 
strength observed, ranging from 1.5 % and 3 % across all concrete 
specimens, shows that even after initial cracking, the concrete can 

continue to withstand loads, thereby enhancing the safety of the struc
tures. This aspect is particularly important for structures that need to 
withstand lateral forces.

In terms of applications, the proposed concrete characterised by its 
consistent residual strength, is particularly well-suited for infra
structural projects where high durability and impact resistance are 
crucial, such as highways and tunnels. Furthermore, the concrete’s 
enhanced impact and crack resistance also makes it suitable for com
mercial and industrial floors, including heavy-duty pavements and 
parking areas. Furthermore, this concrete can be utilised in precast 
concrete products, residential construction, and other seismic-resistant 
structures.

5. Conclusions

The structural impact resilience of lightweight fibre-reinforced LECA 
concrete has been explored by investigating the crack resistance, impact 
energy absorptions, and residual strength across different specimens 
with varying polypropylene fibre contents (ranging from 0 % to 3 %) 
and slab thicknesses. LECA is used as a complete replacement for natural 
aggregate in the concrete, effectively reducing the concrete weight. The 
study focused on square slabs measuring 300 mm, with thicknesses of 
30 mm, 40 mm, 50 mm, and 60 mm, subjected to impact loading. The 
results from 36 experimentally designed mixes, comprising a total of 108 
specimens, were analysed using ANN and RSM techniques.

The following conclusions were derived from the findings: 

• The inclusion of up to 1 % polypropylene fibre (PPF) resulted in a 
3.8 % decrease in concrete density, along with corresponding de
creases in both workability and compressive strength of the LECA 
concrete by 10 % and 65 % respectively.

• Additionally, Increased PPF content and slab thickness led to 
enhanced structural impact resilience, as evidenced by impact en
ergy absorptions increasing by as much as 33 times and crack 
resistance by up to 17 times in the lightweight LECA concrete. 
Indicating the concrete’s ability to effectively accommodate minor 
cracks due to its enhanced load-carrying capacity.

• A strong correlation between crack resistance, impact energy ab
sorptions and crack resistance ratio has been established, demon
strated by high R2 values of 0.999.

• Crack resistance in relation to compressive strength is directly pro
portional to both PPF and concrete thickness.

• Consistent residual strength was observed in concrete with PPF 
content ranged 1.5–3 %

• Interestingly, concrete with lower thickness showed greater residual 
strength, suggesting effective load transfer and stress distribution 
influenced by the fibre aspect ratio.
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