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A r t i c l e  h i s t o r y  A B S T R A C T  

This study tends to use polyacrylamide (PAM) as a potential cement replacer for the 
enhancement of pervious concrete properties. The study considers four different 
replacement percentages and compares them with a zero-percentage replacement 
mix. The properties that were analysed in the fresh state before hardening include 
slump value, flow percentage, and fresh density of the mix. The analysis also 
includes further hardened properties such as water absorption, density, infiltration 
capacity, porosity, and abrasion resistance In addition, compressive strength under 
two different curing conditions, namely water curing and air curing. is analysed. 
Microstructural analysis is further performed using FTIR, XRD, and SEM/EDAX to 
confirm the experimental analysis. The results indicate a 12% increase in the 
maximum compressive strength in the mix with 0.5% replacement compared to the 
reference mix. Strength analysis also reveals that the polymer acts as a retarder. 
Using PAM to replace cement reduces water absorption, density, porosity, and 
infiltration capacity. In addition, the water treatment ability of various pervious 
concrete specimens is also analysed in terms of Total Suspended Solids (TSS), 
Chemical Oxygen Demand (COD). Total Phosphates (TP), Total Nitrogen (TN), 
Biochemical Oxygen Demand (BOD) and Total Organic Carbon (TOC). Results 
show that TP removal was as high as 82.5% in a mix with 2% replacement. 
Therefore, PAM can be regarded as a potential partial cement replacer in pervious 
concrete. 
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1 Introduction 

The practice of incorporating polymers into construction 
materials has been in place for the past few decades. 
Cement's increased pollution during production and 
application encourages this practice. In addition, increased 
demand for construction materials has also encouraged the 
usage of various Supplementary Cementitious Materials 
(SCMs) one of which is polymers [1-2]. 

The polymers used in construction can either be natural 
polymers like cellulose, chitosan etc., or synthetic polymers. 
Regardless of the polymer type, numerous studies 
demonstrate that adding polymer binding properties to 
cement in the Interfacial Transition Zone (IRZ) improves its 
mechanical properties [3]. In addition to the enhancement in 
strength, polymer usage even alters the rheology of cement, 
consequently affecting the other mechanical and durability 
properties of various construction materials [4–5]. 
Construction materials can incorporate polymers in a variety 

 
*  Corresponding author: 

 E-mail address: rparthi@gmail.com 

of ways. Some studies use polymers as a partial 
replacement for binder, while others apply them as surface 
coatings to strengthen their resistance against changing 
atmospheric conditions [6].  For instance, Chen et al. (2020) 
[7] have proposed the use of biopolymer chitosan as an 
additive to Alkali-activated slag-pervious concrete. Results 
show that chitosan serves as an effective additive for 
construction materials. Likewise, many other polymers can 
potentially improve the properties of construction materials in 
various aspects. One such polymer is Polyacrylamide 
(PAM). 

Laboratories prepare PAM, a water-soluble polymer with 
the chemical formula (CH2CHCONH2)n. Various earlier 
studies reveal that the use of PAM as an additive or 
replacement in construction materials is beneficial in various 
aspects. Zhi et al. (2020) [8] in their study have determined 
that PAM, when added to concrete, has enhanced the 
corrosion-inhibitive property of steel. This study showed that 
the addition of PAM to a simulated solution of concrete 

https://doi.org/10.5937/GRMK2400002M
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enhances the corrosion resistance by forming an adsorptive 
layer on the steel surface. Another study by Li et al., (2020) 
[9] shows that adding PAM to mortar can improve its cracking 
resistance. The study reveals that the key factor for 
improving cracking resistance is the intermolecular hydrogen 
bonding between cement and acrylamide. The earlier studies 
suggest that PAM chemically reacts with the binder material 
to enhance the properties of concrete, steel, mortar, and 
other construction materials. 

Other than the construction industry, PAM has another 
application in wastewater treatment. Like every other 
polymer, the active functional groups in PAM possess 
chelating ability, aiding in flocculative removal of various 
contaminants when used in wastewater treatment either 
individually or in combination with some other component 
[10–11]. Zhao et al. (2015) [12] used PAM as a draw solute 
in the forward osmosis process in another study. As a result, 
wastewater treatment properties, along with improved 
mechanical stability, make the polymer suitable for pervious 
concrete. 

Pervious concrete is an eco-friendly material that has 
enormous porosity due to its low quantity of fine aggregates. 
This concrete finds its application in storm water infiltration 
and pavements as per the ACI 522, 2010 report [13]. The 
report further indicates that the nominal infiltration capacity, 
porosity, and compressive strength of pervious concrete 
mixes range from 0.14 to 1.22 cm/s, 15 to 35%, and 2.8 to 
28 MPa, respectively. Despite the lower load-bearing 
capacity, the other properties of pervious concrete are quite 
desirable, thereby finding application in evaporative cooling, 
vehicular noise management, friction reduction, slope 
stability, etc. Thus, various methods are adapted for 
enhancement of the compressive strength of the mix without 
disrupting its basic properties to a greater extent [14–16]. 
Pervious concrete is also used for wastewater purification. 
Various studies show that pervious concrete has the ability 
to purify wastewater. This property thereby aids in the proper 
recharge of groundwater while simultaneously maintaining 
its quality [17–18]. Thus, in a broad sense, this paper aims 
to utilise PAM in pervious concrete to improve its various 
properties. 

The specific objectives of the study include analysing the 
effects of replacing cement with Polyacrylamide (PAM) in 
pervious concrete. Effects on pervious concrete are 
analysed in terms of fresh (Density and Workability) and 
hardened concrete properties (Water absorption, density, 
abrasion resistance, porosity, and infiltration capacity). The 
effects of alternate curing conditions (water and air) on 
compressive strengths are analysed after the 7th, 14th, and 
28th days of curing. Furthermore, microstructural analysis is 
performed on dried hydrated cement samples using FTIR 
(Fourier Transform Infrared Spectroscopy), XRD (X-ray 
Diffraction), and SEM/EDAX (Scanning Electron 
Microscopy/Energy Dispersive X-ray Analysis). Water 
purification ability of various samples is determined 
considering Total Suspended Solids (TSS), Total Phosphates 

(TP), Total Organic Carbon (TOC), Total Nitrates (TN), 
Chemical Oxygen Demand (COD), and Biochemical Oxygen 
Demand (BOD) as defining parameters. 

2 Materials and Methods 

2.1 Material Collection and Analysis 

Commercial sources supply PAM, which serves as a 
substitute for cement. PPC (Portland Pozzolanic Cement), 
confirming IS 1489 (Part 1):1991 [19], is used as a binder. 
Test procedures from IS 4031 (Parts 4 and 5): 1988 [20-21] 
are adapted for confirmation of the basic properties of binder. 
Earlier studies show that the use of coarse aggregate and 
binder in the ratio 4:1 gives good compressive strength in 
comparison to other ratios [22]. The water cement ratio of 
0.40 was adapted and maintained constant throughout the 
study. The coarse aggregates used are blue granite stones 
of 12mm in uniform size that ensure the development of the 
required permeability [23]. We use 10% (by weight of binder) 
of M. sand as the fine aggregate. Both the aggregates are 
procured commercially and are analysed as per the 
procedure entitled in IS 2386 (Parts 3 and 4):1963 [24–25] 
and are found to be in line with the specifications entitled in 
IS 383:1970 [26]. We use normal tap water that meets the 
usual IS standards for mixing and curing purposes. The 
study does not include any admixtures. Table 1 displays the 
mix ratios for mixes with and without replacement. 

 
2.2  Experimental methodology 

A post-basic analysis of material mixes with five different 
ratios is prepared, out of which one mix stands as a reference 
with zero percentage replacement. Further, four different 
mixes with polyacrylamide polymer replacing cement in 
percentages of 0.5%, 1%, 1.5%, and 2% are adapted.  

The mix undergoes analysis for fresh properties, 
specifically workability and fresh density, prior to hardening. 
Workability is measured in terms of slump value and flow 
percentage, adapting standard methodology from IS 
1199:1959 [27]. Similarly, fresh density is analysed using the 
procedure specified in ASTM C 1688 (2014) [28], and values 
are tabulated. 

After analysis of fresh properties, 90 cubic samples of 
size 100mm are cast for determination of compressive 
strength. Two different curing conditions, viz, water, and air 
curing are adapted to analyse the effects of polyacrylamide 
in both curing conditions. Since the coarse aggregates used 
have a uniform size of less than 20mm, cubes of 100mm size 
can be used for the determination of strength as per IS 
516:2018 [29]. Compressive strength after curing for 7, 14, 
and 28 days is analysed for both curing conditions. Strength 
is analysed using a Universal Testing Machine (UTM) with a 
model number of TVE-CN-600 made by Hitech India 
Equipment.  

 
Table 1 Mix ratios for Pervious concrete mixes with and without replacement 

S. No. Sample ID Cement (kg/m3) 
M-Sand 
(kg/m3) 

Coarse Aggregate 
(kg/m3) 

Replacement 
(kg/m3) 

1 1 370 37 1480 0 

2 4A 368.15 37 1480 1.85 

3 4B 366.3 37 1480 3.7 

4 4C 364.45 37 1480 5.55 

5 4D 362.6 37 1480 7.4 
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The cubes are also tested for other hardened properties, 
namely density and porosity, adapting the procedures 
outlined in ASTM C 1754 (2012) [30]. In addition, the water 
absorption of the cubes is also determined by adapting the 
procedure from Shah and Pitroda (2014) [31]. 

The sand blasting technique, as described in IS 
9284:1979 [32], determines the durability of the cubic 
specimens in terms of their resistance to abrasion. Analyses 
are performed in triplicate to ensure stability in the readings 
obtained.  

The other primary parameter, namely the infiltration 
capacity of pervious concrete sample, is analysed using the 
procedure from ASTM C 1701 M-09 [33]. This test is named 
the modified infiltration capacity test and is specifically 
performed in laboratory conditions. This analysis requires 
cylindrical samples of size 100 x 200mm. Samples of the 
required size are cast using PVC moulds with a height of 
220mm. This extension is adapted to ensure the 
maintenance of a standard head of 10mm as described in 
Haselbach et al., (2017) [34]. Tests are carried out not before 
pre-wetting the samples to ensure a similar saturation 
condition in all the specimens.  

After the post infiltration capacity test, the same 
cylindrical samples are used for the analysis of the 
wastewater purification capacity of pervious concrete, 
simulating the infiltration of contaminated rainwater. 
Wastewater samples are collected from the Effluent 
Treatment Plant at SSN College of Engineering, Tamil Nādu, 
India. Samples were collected on three consecutive days 
and analysed for the parameters COD, TOC, TSS, BOD, TN, 
and TP. The initial characteristics of the raw wastewater 
sample were similar for almost all three days, with a 
negligible difference of ±50 ppm. Raw wastewater 
characteristics in terms of TSS, TP, TN, BOD, TOC, and 
COD in mg/l are 115, 85.8, 23.1, 462.63, 261.67, and 833, 
respectively. In this study, we measure TP, TN, and TSS 
using a DR-9000 reactor from Hach. A 5-day BOD value is 
considered here and can be measured using the standard 
Respirometric method using the BODTrakTMII apparatus, 
whereas the DRB 200 reactor from Hach is used to measure 

COD and TOC. Adapting (1) determines the removal 
efficiency of the mixes. 

Removal efficiency =  
Ci − Co

Ci
 X 100 (1) 

3 Results and Discussions 

3.1  Fresh Concrete properties 

3.1.1  Workability 

Figure 1 shows the variation of slump value and flow 
percentage with respect to PAM percentage in various 
pervious concrete specimens. According to Figure 1, the 
slump value and flow percentage of the reference mix are 
90mm and 81.33%, respectively, indicating that the mix has 
medium workability [35]. All the mixes, irrespective of 
replacement, have shown a shear slump. Another major 
observation from the graph is that the variation in workability 
of the mix is proportional to the variation in PAM percentage, 
thereby changing the medium-workable mix to a highly 
workable mix. The variation in flow percentage matches the 
variation in slump value. While a 0.5% replacement does not 
significantly increase the flow percentage, a further increase 
in the polymer percentage improves the flow. The lubricating 
effect of the polymer contributes to the enhanced workability 
of the mix.  This result is consistent with the reactions of other 
water-soluble polymers, which typically improve the fluidity 
of the mix as a whole [36]. 

 
3.1.2  Fresh density 

Fresh density results denote that an increase in PAM 
percentage reduces the density of the pervious concrete in 
its fresh state. This indicates the lubricating effect of the 
water-soluble polymer, which is responsible for the reduction 
in bulk density of the concrete specimens as percentage 
replacement increases [37]. This observation is consistent 
with the hardened density observation, shown in Figure 2. 

 

Figure 1. Workability of PAM replaced samples 
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Figure 2. Fresh and hardened density Vs PAM replacement 
 
 
3.2  Hardened Concrete Properties 

3.2.1  Density 

Like the fresh density, the hardened density of the mix 
goes down as the percentage of PAM replacement goes up, 
as shown in Figure 2. Though hardened density is higher in 
comparison to fresh density, both follow a similar variation 
pattern with respect to replacement variation. This slight 
difference in hardened density from fresh density is nominal, 
as the variation is less than 2% [38]. Thus, the lubricating 
and dispersive effects of the water-soluble polymer cause 
this reduction in density, as discussed in the earlier section.  

 
3.2.2  Porosity 

Table 2 shows changes in some hardened properties of 
pervious concrete mix based on percentage replacement. 
These properties include water absorption, porosity, 
percentage abrasion loss, and infiltration capacity. The 
porosity analysis results show minimal changes in porosity 
as replacement increases Though the porosity value shows 
a slight reduction with the increase in replacement for up to 
1%, over this level no variation is observed. This is due to the 
lower percentage of replacement whereas the initial 
reduction in porosity is mainly due to the dispersion of PAM 
particles that fill the space amongst coarse aggregates and 
cement, thereby reducing the porosity of the mix as a whole 
[39].  

 
3.2.3  Water absorption 

Observations from water absorption analyses denote that 
PAM on replacement tends to reduce the water absorption 
of the mix. This is because, when cement is replaced with 
PAM, the polymer particles fill up the minute pores amongst 
cement and aggregates due to their dispersion properties. 
This results in a reduction in the free space available for the 
absorption of water, thereby reducing the water absorption 
of the mixes [40]. Thus, an increase in the PAM percentage 

in pervious concrete reduces the mix's porosity while 
simultaneously reducing its water absorption. Thus, porosity 
and water absorption follow almost an inverse relationship 
with respect to replacement percentage, as shown in Figure 
3. 
 

3.2.4  Abrasion resistance 

Table 2 displays the percentage abrasion loss for 
samples with varying PAM percentages. The table reveals 
that the sample without replacement exhibits a higher 
percentage loss due to abrasion. The abrasion-induced 
weight loss of 0.32% exceeds the limits set by IS 9284:1979 
for concrete specimens [32].  Still, the mix possesses the 
eligibility for utilisation in footpaths as per standards. An 
increase in PAM content enhances the mixes' resistance to 
abrasion.  This abrasion resistance, when correlated with 
porosity, indicates that a decrease in porosity improves the 
mix's abrasion resistance. These results are similar to those 
observed earlier in a study by Muthaiyan and Thirumalai 
(2017) [41]. The water-soluble and dispersive nature of 
polymer particles makes it easier for coarse aggregates to 
stick together. This lowers the porosity, which in turn lowers 
the weaker areas, making the specimens more resistant to 
wear. 

 
3.2.5  Infiltration Capacity 

From the infiltration capacity results depicted in Table 2, 
it can be inferred that the specified parameter reduces with 
every 0.5% increase in PAM percentage. Though the 
infiltration capacity parameter primarily depends on porosity 
both do not follow a linear relationship. This is because 
infiltration capacity, in addition to porosity, also depends on 
pore connectivity [42]. Thus, the reduction in infiltration 
capacity is explained by the reduction in pore connectivity as 
the well-dispersed polymer particles fill the pores in pervious 
concrete specimens, thereby reducing their corresponding 
infiltration capacities significantly.  
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Figure 3. Water absorption and porosity variation with PAM replacement 
 

Table 2. Variation in hardened properties with respect to percentage replacement 

S. No. Replacement 
(%) 

Porosity (%) Water absorption (%) Abrasion loss 
(%) 

Infiltration capacity 
(mm/s) 

1 0 13.5 8.023 0.32 7.36 

2 0.5 13.1 7.619 0.24 7.35 

3 1 12.5 7.434 0.15 5.44 

4 1.5 12.5 7.324 0.10 4.62 

5 2 12.5 7.175 0.05 4.55 

 
 
3.2.6  Compressive strength 

The effects of PAM on the compressive strength of the 
sample are analysed under two different curing conditions, 
namely water curing, and air curing and the readings are 
tabulated in Table 3. Observations from the results indicate 
that water curing has a better strength-gaining ability in all 
samples than air curing, regardless of the replacement 
percentages. Furthermore, all of the samples show a 
characteristic increase in strength with respect to curing age. 
 
3.2.6.1  Water curing 

When tested after 28 days of curing, samples cured using 
water according to standard procedures show an increase in 
strength with a replacement of 0.5% cement. However, a 
higher number of replacements reduces the strength. PAM 
on replacement tends to retard the strength-gaining ability of 
the mix in earlier stages, irrespective of its percentage. This 
signifies the retarding effect of PAM, which is common for 
almost all water-soluble polymers [43]. Thus, for all the mixes 
with PAM strength tested initially, it is low in comparison to 
the strength of mixes without replacement. However, further 
curing enhances the strength of the mix with a 0.5% 
replacement. As the polymer possesses water-retaining 
ability, it absorbs water, thereby aiding in its hydration. The 
spread-out polymer particles also help make a membrane 
around the aggregate particles, which makes it easier for 
bonds to form in the interfacial transition zone. This aids in 
an increase in strength [44]. However, despite all the factors, 
a further increase in PAM reduces the strength since the 
polymer does not aid in the reduction of porosity as observed 

in earlier sections. Thus, with not much change in porosity, 
the reduction in binder content tends to reduce the strength 
for replacement by over 0.5%. However, more research is 
required to understand why the strength decreases by 0.5%. 
 
3.2.6.2  Air curing 

Strength development in samples that underwent air 
curing is lower in comparison to water-cured samples. This 
is primarily due to a lack of water, which reduces hydration. 
This decrease in hydration lowers the compressive strength 
of the samples. Analogous to water curing, air-cured 
samples also show very low strength in the earlier stage of 
curing, signifying that PAM serves as a retarder. From the 
table, it is evident that mixes with PAM replacement possess 
a lower strength than the reference mix. However, focusing 
solely on samples containing polymers, we deduce that PAM 
replacement leads to an increase in compressive strength 
during air curing. The strength gets better as the PAM 
percentage goes up. For air-cured samples made with 1.5% 
PAM replacement, the highest strength was 3.7 MPa. 
Despite being only 10% higher than the maximum 
compressive strength in air-cured samples, this result 
highlights the water absorption and retention abilities of 
PAM, which contribute to the self-curing of the samples [45]. 
However, a further increase to 2% results in a very marginal 
reduction in compressive strength in comparison to the 
reference mix. This is due to the reduction in binder quantity 
as well as the reduction in hydration owing to the low quantity 
of water available for hydration. Thus, the replacement of 
cement with PAM shows a significant self-curing ability due 
to the water absorption and retention capacity. 
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Table 3. Compressive strengths of Pervious concrete samples with PAM replacement 

S. No. 
Replacement 

(%) 

Compressive strength (MPa) 

Water curing Air curing 

7 days 14 days 28 days 7 days 14 days 28 days 

1 0 5.135 6 7.9 2.45 2.98 3.3 
2 0.5 4.34 6.06 9 1.64 2.02 2.17 
3 1 3.38 4.82 7.7 1.72 1.94 3 
4 1.5 2.5 3.64 6.36 2.36 2.52 3.7 
5 2 1.8 3.32 4.9 2.54 2.99 3.2 

 
 
3.3  Micromechanical Analysis 

Micromechanical analysis of hydrated cement samples 
obtained from both curing conditions is performed using 
FTIR, XRD, and SEM/EDAX. The low replacement 
percentage explains the lack of remarkable alterations 
observed for both curing conditions. 

 
3.3.1  FTIR 

Figures 4(a) and 4(b) show the variation in FTIR spectra 
of reference and air-cured samples. As previously discussed, 
the figures reveal minimal variation in both spectra, with the  
 

 
(a) 

 
(b) 

Figure 4. FTIR Spectra of (a) Water cured samples (b) Air 
cured samples 

exception of a few slight shifts and alterations in stretching 
and bending, due to the lower percentage of replacement. 
By contrasting the existing peaks in the FTIR spectra of the 
water- and air-cured reference and PAM mixes, we can 
observe that all four samples from both curing conditions 
exhibit similar functional groups. Peaks in the range of 3000 
to 4000 cm-1 indicate the Hydroxyl group (-OH) which is a 
characteristic functional group in hydrated cement samples. 
The presence of hydroxyl groups signifies the hydration of 
cement after casting pervious concrete samples. In water-
cured samples, the peak at 2943 cm-1 indicates the presence 
of a CH bond. Likewise, peaks in the range of 700 to 1500 
cm-1 signify the presence of alkane and alkyne groups in 
terms of organic and Si-O, Al-O, and Ca-O when considered 
in terms of inorganic components. All the bonds signify the 
presence of Portlandite (Ca(OH)2) and hydrogels (Calcium 
silicate or Calcium Aluminate (Ca-S-H or Ca-Al-H)), which 
are characteristic products of hydration obtained from 
cement. Furthermore, peaks in the range of 400 to 600 cm-1 
denote the Fe-O functional group, which further indicates the 
presence of a trace quantity of iron oxide in cement. 
 
3.3.2  XRD  

Figures 5(a) and 5(b) show the variation in XRD spectra 
of water- and air-cured samples, respectively. According to 
the figures, all four samples in both curing conditions consist 
of five major components: vizCalcium sulphoaluminate (E - 
Ettringite), Hydrogel (C-S-H), Calcium hydroxide (P – 
Portlandite), Calcium Carbonate (C – Calcite) and Silicon 
dioxide (Q – Quartz) in crystalline phases. In addition, other 
components are also present, but in trace quantities. In air-
cured samples, another crystalline phase observed only in 
the PAM replaced mix is Aragonite, which is another form of 
Calcium Carbonate. In the case of air curing, the sample with 
PAM replacement shows an increase in the intensity of the 
C-S-H hydrogel peak. This denotes that PAM replacement 
tends to increase hydration under air curing conditions. In 
both water- and air-cured conditions, samples with PAM 
replacement show an increase in calcium carbonate 
components in various forms. An earlier study by Zhi et al. 
[46], which observed that PAM addition to cement aids in its 
carbonation, correlates with this result. These calcite 
components fill the pores, reducing the mix's porosity and 
increasing its overall strength. Thus, from the XRD results, it 
was evident that the usage of PAM as a partial cement 
replacement enhanced the carbonation and self-curing 
ability of the pervious concrete. 
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(b) 

Figure 5. XRD Spectra of (a) Water cured samples (b) Air cured samples 
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3.3.3  SEM/EDAX 

Figures 6 and 7 contrast the SEM/EDAX images of 
samples with and without PAM replacement in water- and 
air-cured conditions, respectively. The Figures reveal that 
the EDAX spectra of all four samples show minimal variation, 
regardless of the replacement or curing condition. This is due 
to the lower percentage of replacement. Similarly, SEM 
images show minimal changes in the microstructure of both 
the reference and PAM-replaced mix. Both reference and 
PAM-replaced mixes contain agglomerated patches, which 
represent calcite and hydrogel. But in the case of PAM, the 
agglomeration is high in comparison to the reference mix 
denoting the calcite and hydrogel components, as observed 
in XRD studies. Ettringite is indicated by the presence of very 
thin and minute needle structures. SEM images yield little 
inference other than these minor changes. 

SEM images of air-cured samples, as depicted in Figure 
7, denote the presence of angular, flaky, and spherical 
particles. In both cases, we observe little striking variation, 
except for the shape. This indicates that, with a lower 
replacement percentage and physical replacement, the 
internal structure of the mix does not exhibit significant 
variation. However, further analyses are necessary to 
confirm this finding. 

 
3.4 Water Purification analysis 

The study of wastewater characteristics that leached 
from the reference pervious concrete specimen itself shows 
a big drop in the pollutant parameters listed in Table 4. Figure 
8 shows how the removal efficiency of different wastewater 

parameters changes with the percentage of PAM. Pervious 
concrete usually eradicates contaminants by means of two 
different mechanisms, namely microbial degradation and 
mechanical retention [47]. Mechanical retention is achieved 
by the chelating property of cement particles. The pores in 
pervious concrete, on the other hand, hold microbes, which 
makes the water treatment process more effective. In typical 
wastewater treatment plants, TSS is removed through 
filtration. Retention and various other chemical treatments 
achieve COD reductions, while microbial activity primarily 
drives BOD and TOC reductions. Chemical and biological 
processes remove the other two contaminants, TP and TN. 
According to the study, an increase in PAM content 
significantly reduces pollution parameters. The maximum 
removal is observed in 2% replacement. While additional 
replacement could potentially boost purification efficiency, 
we discourage it as it could compromise the mix's 
mechanical performance.  

This study shows that the reference mix significantly 
reduces TSS removal compared to other PAM-replaced 
mixes. This is due to the enormous porosity of the mix in 
comparison to PAM-replaced mixes. The pores present in 
the reference mix have a larger size than TSS particles. 
Thus, the reference mix shows a removal efficiency of only 
9.6% with respect to TSS particles. However, an increase in 
PAM content fills the voids amongst coarse aggregates, 
enhancing its ability to retain TSS particles passing through 
it. Thus, TSS in the resultant leachate is lower than its initial 
concentration. With the increase in PAM content, there is a 
significant blockage in pores, thereby increasing TSS 
removal.  

 

  

  
(a) (b) 

Figure 6. SEM/EDAX of water cured (a) Reference (b) PAM replaced mix 
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(a) (b) 

Figure 7. SEM/EDAX of air cured (a) Reference (b) PAM replaced mix 
 
 

In comparison to all the parameters, TP shows a higher 
removal rate of 82.5% when the percentage replacement is 
2%. TN demonstrates a maximum efficiency of 71.9%, 
surpassing other parameters, as depicted in Figure. 
Removal of TP and TN takes place both by mechanical 
retention as well as microbial degradation remove TP and 
TN from pervious concrete. In addition, according to reports 
from earlier studies, the amine groups of the polymer have 
the ability to adsorb phosphate ions, thereby increasing the 
overall removal efficiency of phosphate ions [48]. Nitrate also 
follows a similar mechanism of mechanical retention and 
microbial degradation with respect to removal. Though in 
both cases, with the reduction in porosity, there can be a 
reduction in microbial degradation. Mechanical retentive 
ability and the presence of polyacrylamide balance this 
backlog, thereby enhancing the removal efficiency of the mix 
with respect to phosphate and nitrate.  

The parameters COD, BOD, and TOC have almost 
comparable reduction efficiency, with the maximum being 
67.6%, 65.4%, and 64.5%, respectively, for 2% replacement. 
This reduction in all three parameters can be explained by 
mechanical retention as well as microbial degradation, as 
mentioned earlier. While the increase in PAM ensures an 
enhancement in retention, signifying an increase in the rate 

of COD removal in comparison to BOD and TOC. This also 
explains the lower COD removal in the reference pervious 
concrete specimen compared to the PAM-replaced mix. The 
addition of PAM enhances the possibility of chelating 
inorganic contaminants, while simultaneously reducing 
porosity. This reduction in porosity reduces microbial 
proliferation, resulting in a higher rate of COD reduction 
compared to BOD and TOC, as shown in Figure. On the 
other hand, despite the reduction in pores, there is an 
enhancement in BOD and TOC removal. This also indicates 
the chelating ability of amine functional groups in PAM 
polymers, which retain both organic and inorganic 
contaminants. The increase in retention time is another 
significant factor that aids in the reduction of these 
parameters. With the increase in PAM, there is a reduction 
in the infiltration rate of water through every sample. This 
lessening of infiltration increases the time that wastewater is 
in contact with different types of pervious concrete, which 
mechanically retains a lot of the contaminants. However, 
more research is necessary to confirm the combined 
efficiency of wastewater treatment using PAM instead of 
Pervious concrete mixes, as there are not many studies 
available elsewhere in this area. 

 
Table 4. Characteristics of Wastewater post passing through Pervious Concrete 

S. No. 
Replacement 

(%) 
TSS (mg/l) TP (mg/l) TN (mg/l) 

BOD 
(mg/l) 

TOC 
(mg/l) 

COD 
(mg/l) 

1 0 104 35 17 288.63 170 558 
2 0.5 77 30 14.5 225 136.9 400 
3 1 69 21 11 200 117 346 
4 1.5 57 17.7 9.5 180.07 105 307 
5 2 51 15 6.5 160 93 270 
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Figure 8. Removal efficiency Vs Percentage Replacement using PAM 
 
 
4 Conclusion 

Water-soluble polymers are used to partially replace 
cement in pervious concrete. Polyacrylamide significantly 
alters the engineering properties of concrete. Polymer 
replacement seemingly enhances the workability and 
converts the medium workable mix to a highly workable one. 
This is due to the water-soluble nature of the polymer, which 
enhances the fluidity of the mix. The same lubricating effect 
of the polymer reduces the fresh and hardened density of the 
mix. Furthermore, an increase in percentage replacement 
significantly reduces the specimens' porosity, water 
absorption, and infiltration capacity.  Furthermore, the 
dispersive nature of the polymer explains the increase in 
resistance to abrasion as the PAM percentage increases. 

The results of compressive strength analysis under water 
curing conditions indicate that when PAM is replaced for up 
to 0.5%, it increases in strength. Further enhancement 
decreases strength. Increased Porosity up to 1% does not 
significantly impact compressive strength.  The reduction in 
binder content primarily explains this phenomenon. This 
study demonstrates that compressive strength not only 
depends on physical factors like density and porosity, but 
also on a chemical factor, namely binder content. To some 
extent, a reduction in binder content does not affect 
compressive strength. However, further reduction in the 
binder content tends to reduce the compressive strength 
despite the increase in porosity of the mix. 

It is also observed that PAM serves as a retarder, thereby 
reducing the mechanical efficiency of the mix during the 
initial curing period. In the case of atmospheric curing, it is 
inferred that PAM serves as a self-curing agent. 
Micromechanical analysis by XRD further confirms these 
results, indicating the enhanced hydration of the mix through 
variations in intensity and peaks. FTIR and SEM/EDAX 
results show no significant variation owing to the lower 
replacement percentage.  

Water purification analysis results reveal that inculcation 
of PAM into pervious concrete mix enhances the water 

purification ability significantly. With respect to all 
parameters, 2% replacement showed the maximum 
reduction efficiency. Of all the parameters considered, TP 
showed the maximum removal, whereas TSS showed the 
minimum one. The primary mechanisms involved in water 
purification are mechanical retention and microbial 
degradation. PAM replacement improves the samples' 
mechanical retention ability. 

Thus, on a concluding note, it can be said that PAM 
serves as a potential alternate for cement in pervious 
concrete when used in a limited quantity. While a 2% 
replacement is optimal for water purification, we limit the 
replacement percentage to 0.5% or 1% to avoid 
compromising other pervious concrete efficiencies. Hence, 
according to ACI reports, PAM-replaced concrete serves as 
a cleaner alternative for its use in sludge drying beds, 
considering its water purification ability as a characteristic 
parameter. 
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A r t i c l e  h i s t o r y  A B S T R A C T  

This study aims to develop a sustainable solution in the construction industry by 
incorporating recycled aggregate (RA) into concrete, partially replacing natural 
gravel aggregate, and enhancing the strength of RA concrete through the addition 
of hybrid s The study investigates the effect of steel and polypropylene hybrid s on 
the mechanical and durability properties of recycled aggregate concrete (RAC). The 
research was carried out in three phases/mixes. The first mix is with different 
proportions of recycled aggregate (25% and 50%). The second mix is recycled 
aggregate concrete with only macro-steel , and the third mix is recycled aggregate 
concrete with different proportions of macro-steel  and micro-polypropylene . 
Mechanical and durability properties were investigated in all three types of concrete 
mixes and compared with the control mix. The study concluded that the mechanical 
properties of hybrid fiber reinforced recycled aggregate concrete (HFRRAC) are 
dependent on the amount of recycled aggregate,  proportions, and  type. The macro-
steel fibers with high elasticity modulus and stiffness improve the concrete´s 
strength and toughness. The increase in  content affects the workability of -
reinforced concrete. Synthetic microfibers with excellent ductility and dispersion 
improve concrete's mechanical properties and durability. Synthetic microfibers when 
used along with macro-steel  improve both mechanical properties and durability 
characteristics. 
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1 Introduction 

Urbanisation results in the construction of numerous new 
buildings and the demolition of old ones, leading to a 
significant build-up of construction and demolition waste [1]. 
Utilizing such waste concrete material into the concrete 
mainly reduces the consumption of natural aggregate and 
reduces land pollution. Replacing the coarse gravel 
aggregates which are the major ingredient in the concrete, 
with recycled aggregate (RA), may lead to a sustainable 
concrete solution [2]. Recycled aggregates, primarily used in 
the construction of non-structural members and for 
foundation filling, are often considered inferior to gravel 
aggregate. To change this idea, a lot of research is being 
carried out using RA, and investigations are being carried out 
to study the mechanical and durability properties of such 
recycled aggregate concrete (RAC) [3]. Researchers have 
reported that RA influences the major strength properties of 
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concrete, exhibiting increased peak strain and a decrease in 
the modulus of elasticity under compression load [4]. Cement 
matrix, which is attached to the old aggregates, has an 
influence on the strength of concrete [5]. Thus, the 
proportions, aggregate type, amount of impurity, and other 
parameters influence the behaviour of recycled aggregate 
concrete. 

To enhance the properties of recycled aggregate 
concrete, different types of fibers are added to the concrete 
to improve its strength, fracture behavior, and impact 
resistance [6]. The addition of macro-steel fibers in concrete 
improves the tensile property of concrete and the post-
cracking behaviour [7]. The macro-steel fiber plays a major 
role after the appearance of the first crack in concrete and 
prolongs the ultimate failure of the structure [8]. The  volume 
fraction, length of steel , and pattern of steel  influence the 
performance of concrete [9], [10], [11], [12], and [13]. Studies 
seem to suggest that the compressive strength of macro-

https://doi.org/10.5937/GRMK2400004R


Study on the mechanical property, water absorption, and acid resisitance of steel and polypropylene hybrid fiber reinforced recycled 

aggregate concrete 

70   Building Materials and Structures 67 (2024) 2400004R 

steel FRC increases by up to 10% when compared to plain 
concrete. Furthermore, the failure mode of macro-steel FRC 
transitions from brittle to ductile, resulting in a significant 
improvement in the post-cracking response [14]. These 
days, the light weight, chemical resistance, and high 
strength-to-weight ratio of micro-polypropylene fibers make 
them a popular choice for microfiber reinforcement. Micro-
polypropylene fibers also improve the tensile property of 
plain concrete, showing high resistance to impact loads and 
better fracture behaviour [15], [16], and [17].  Today, 
concrete incorporates various natural fibers like jute, 
bamboo, banana, sisal, and caryota fibers [18] [19] [20] [21] 
as well as synthetic fibers like steel, polypropylene, plastic, 
glass, and basalt fibres [8] [22] [23] [24]. These fibers are 
used as monotype fibers or in combination as hybrid fibers. 
Popularly, macro-steel and micro-polypropylene fibers are 
used in combination as hybrid fibers. Macro steel fibers as a 
macro-scale reinforcement with a high Young’s modulus are 
highly efficient in bridging the critical macro-cracks and 
improves the strength of concrete, and micro polypropylene 
fiber, as a micro-scale reinforcement, could reduce the 
plastic shrinkage cracks in the early age of concrete and 
enhance the post-cracking behavior [14], [25], and [26]. 
Based on the multiscale crack behaviour of concrete, it will 
be more advantageous to use both micro and macro fibers 
as hybrid  reinforcement, which arrests cracks at micro and 
macro level. Hybrid fiber reinforcement also plays a major 
role in arresting the early stage shrinkage crack and post 
cracking behaviour of concrete [27]. 

As a result, blending two types of s in the concrete matrix 
appears to be more effective in crack arrest at multiple levels. 
The literature review revealed that numerous studies have 

examined the mechanical characteristics of recycled 
aggregate concrete reinforced with single and hybrid s. But 
an optimum proportion for hybrid fiber content is yet to be 
obtained. Therefore, the main objective of this research work 
is to study the mechanical behavior of recycled aggregate 
concrete with macro-steel fibers and micro polypropylene s. 
Mechanical properties such as compressive strength, tensile 
strength, and flexural properties, as well as durability 
properties such as water absorption and acid resistance, are 
to be studied in detail.   

2 Experimental Investigation 

2.1 Material characterization 

The control concrete mix was prepared using ordinary 
Portland cement (specific gravity SG = 3.15 g/cm3), lime 
stone gravel aggregate of size 10 mm used as coarse 
aggregate (CA), and recycled aggregate (RA) of size 18-20 
mm used as a partial replacement for coarse aggregate. and 
river sand (SG = 2.74 g/cm3) used as fine aggregate. To 
produce hybrid fiber reinforced recycled aggregate concrete, 
macro steel and micro polypropylene fiber were used in 
different proportions in addition to the above ingredients. The 
scanning electron microscope (SEM) image showing the 
detailed structure of macro-steel  and micro-polypropylene is 
shown in Figure 1. The micro-polypropylene and macro-steel  
used in the present experimental investigation are shown in 
Figure 2. The physical properties of macro steel s and micro-
polypropylene are listed in Tables 1 and 2, respectively. 

 

 
Figure 1. (a) SEM image: (a) Macro-steel fiber [28] (b) Micro-Polypropylene fiber [29] in concrete matrix 

 

Figure 2. (a) Micro-Polypropylene fiber (b) Macro-Steel Fiber 
 

   

 

(a) (b) 
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Table 1. Physical property of macro steel fiber 

Physical property Range 

Shape Crimped steel fiber 

Length (mm) 25 

Diameter (mm) 0.5 

Aspect Ratio (l/d) 50 

Tensile Strength (MPa) 2650 

Unit Weight (g/cm3) 7.85 

Coating None 

Elastic Modulus, (GPa) 200 

Table 2. Physical property of micro-polypropylene fiber 

Physical property Range 

Raw material 100 % polypropylene 

Type monofilament 

Length 4-5 mm 

Diameter 30-40μm 

Melting point 105±10°C 

Softening point 95±10°C 

Acid & alkaline resistance Strong 

Density 0.91 g/cm3 

Colour white 

Water absorption No 

Specific Gravity 0.9 

Youngs modulus 3.45 ×103Mpa 

Tensile Strength 551 Mpa 

2.2 Mix proportions and specimen ID 

The concrete ingredients for the control mix, namely the 
cement, sand, coarse aggregate, water, and plasticizer, were 
mixed in the proportion of 1:1.64:1.72: 0.32: 0.01. The mix 
for concrete mortar cubes was done using a concrete mixer. 

Normal concrete cement of 19.8 kg fine aggregate of 30.15 
kg, and coarse aggregate of 49.14 kg were filled in the mixer. 
We mixed the dry mixture for approximately one minute. 
After slowly adding water to the mixer and mixing it for two 
minutes, we cast the specimens. Fibers were added to the 
fresh concrete mix, and the concrete was mixed for another 
minute. Figures 3(a) and 3(b) show the addition of macro-
crimped steel  and micro-Polypropylene s, respectively. A 
total of 3 cubes (150 × 150 × 150 mm), 3 cylinders (150 × 
300mm) and 3 beams (150 × 150 × 750 mm) were cast for 
each mix. For the preparation of hybrid fiber-reinforced 
recycled aggregate concrete, cement, fine, and coarse 
aggregates are added to the mixer. We added water to the 
mixture after mixing for 2 minutes. After allowing it to mix for 
2 minutes, macro-steel and micro-polypropylene fiber were 
added to it. Table 3 lists the mix proportions. 

 
2.3 Testing of specimens 

According to IS 516:1959, a compression test was 
carried out on standard 150 mm x 150 mm x 150 mm cube 
specimens. All the cubes were tested in a surface dried 
condition, and for each mix combination, three cubes were 
tested at the age of 28 days using a compression testing 
machine of 1000 kN capacity. The loading was continued 
until the specimen reached its ultimate load. The load was 
applied without shock at a rate of 1.2 kN/m2. In accordance 
with IS 516:1959, we conducted a tensile test on a 300 mm 
by 150 mm cylinder specimen after 28 days. The test was 
carried out on a universal testing machine of 2000 kN 
capacity. We calculated the tensile strength from the 
obtained load using the standard formula. For each mix, 
three cylinders were tested after 28 days of curing, and the 
mean value is reported.  According to IS 516:1959, a flexural 
test was carried out on a beam specimen with dimensions of 
500mm x 100mm x 100mm at the age of 28 days. A universal 
testing machine with a 2000 kN capacity conducted the test. 
Three-point loading was given to the specimens, and the 
flexural load was recorded at the time of failure. For each 
mix, three beams were tested after 28 days of curing, and 
the mean value was tabulated. Figure 4(a–d) displays the 
casted specimen and the mechanical testing of the 
specimen. 

 

 

 

(a) 

MacroCrimped Steel 
Fibers 
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Figure 3. Mixing fibers in fresh concrete mix (a) macro-steel fiber (b) micro-polypropylene fiber 
 

Table 3. Mix proportions 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4(a). Cast specimens and (b-d) testing HFRAC specimens 
 

      

 

(a) 

(b) (c) (d) 

MIX 
Cement 
(kg/m3) 

Recycled 
Aggregate 
(kg/m3) 

Gravel 
(kg/m3) 

Sand 
(kg/m3) 

Water 
(kg/m3) 

Macro 
Steel 
fiber 
(kg/m3) 

Micro PP 
fiber 
(kg/m3) 

Normal mix 790 - 1966 1206 366 - - 

RCA 25 790 437 1474 1206 366 - - 

RCA 25% + SF 0.5% 790 437 1474 1206 366 70.4 - 

RCA 25% + 0.75% 
SF + 0.25% PP 

790 437 1474 1206 366 52.8 16 

RCA 25% + 1% SF + 
0.5%PP 

790 437 1474 1206 366 140 70.4 

RCA 50% 790 874 983 1206 366 - - 

RCA 50% + SF 0.5% 790 874 983 1206 366 70.4 - 

RAC 50% + 0.75% 
SF + 0.25% PP 

790 874 983 1206 366 52.8 16 

RCA 50% + 1% SF + 
0.5%PP 

790 874 983 1206 366 140 70.4 

Micro Polypropylene 
Fibers 

(b) 
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2.4 Water absorption test 

The water absorption test determines the water 
absorption rate (sorptivity) of both the outer and inner 
concrete surfaces. The test measures the increase in mass 
of concrete samples due to water absorption over time, with 
only one face of the specimen exposed to water. Concrete 
resistance against the ingress of aggressive ions is one of 
the major factors from the viewpoint of concrete durability. 
Water absorption behavior provides useful information about 
concrete porosity. It depicts the concrete's permeable pore 
volume as well as its pore connectivity. We dry the 
specimens in an oven for a specified time and temperature 
for the water absorption test, and then cool them in a 
desiccator. Immediately upon cooling, the specimens are 
weighed. The material is then immersed in water at agreed-
upon conditions, often 23 °C for 24 hours or until equilibrium. 
Figure 5 illustrates the test arrangement for the water 
absorption test. 

 
 
 
 
 
 

2.5 Acid Attack test 

Concrete is susceptible to acid attack because of its 
alkaline nature. The components of the cement paste 
disintegrate when they come into contact with acids.  The 
decomposition of the concrete depends on the porosity of the 
cement paste and the attention of the acid, and the solubility 
of the acid calcium salts (CaX2). Insoluble calcium salts may 
percolate in the voids, slowing down the attack. Sulphuric 
acid interacts with the surface of the concrete, causing it to 
deteriorate. With the increase in environmental pollution, the 
rainwater has also become more acidic. Hence, there is a 
need to study the durability properties of concrete by 
exposing it to an acidic environment. We cast a 100 x 100 
mm cube and cured it in a curing tank for 28 days. 
Concentrated sulphuric acid was diluted to 1N, and the 
mould was immersed in a tub containing the sulphuric acid 
solution shown in Figure 6(a). Initially, the dry weight of the 
mould was measured. After clearing the cube's surface with 
a metallic brush on the 3rd, 7th, and 14th days, we recorded 
the weight, as shown in Figure 6(b). Figure 6 (c-d) displays 
the cleaned cube specimen that underwent acid immersion 
for 3 days, 7 days, and 14 days. We tested the cubes under 
uniaxial compression after the 14th day and recorded the 
compressive load values. 

 

 

Figure 5. Water absorption test arrangement for control Mix, RACand HYFRAC specimen 
 
 

 
Figure 6(a). Cubes immersed in sulphuric acid (b) removing of loose materials with metal brush (c) Immersed cubes on 3rd 

day (d) Immersed cubes on 7th day (e) immersed cubes on 14th day 
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3 Results and Discussion 

We conducted an experimental study to investigate the 
mechanical and durability properties of recycled aggregate 
concrete and hybrid fiber-reinforced recycled aggregate 
concrete. We observed mechanical properties such as 
compressive strength, flexural strength, and tensile strength, 
and Table 4 tabulates the results. 
 
3.1 Workability of recycled aggregate concrete and hybrid 

fiber reinforced recycled aggregate concrete 

A slump test is frequently used to measure the flow ability 
of concrete. The slump values dictate how easily the 
concrete flows and fits into the mould. Table 4 lists the 
recorded slump value for the current work. Figure 7 
illustrates the variation in slump for the control mix using RAC 
and HFRRAC concrete mixes. Previous research work 
suggested that the slump of conventional concrete varies 

from 100 to 125 mm, while that of lightweight aggregate 
concrete ranges from 50 mm to 75 mm. The control mix 
recorded a slump value of 83 mm, which decreased as the 
amount of SF and PP in the concrete increased. With the 
addition of 25% and 50% of RAC, the slump value decreased 
to 80 mm, and 75 mm, respectively. This decrease in 
workability is due to the higher bulk density of RAC, which 
creates small pores in the cement matrix and occupies less 
volume in the concrete mix, making it more permeable and 
less flowable. The addition of macro-steel s hinders 
aggregate movement, reducing the workability of fresh 
concrete. The workability of RAC 50-SF 1-PP 0.5 concrete 
reduces from 80 mm to 68 mm with the addition of 1% macro-
steel fiber. For HFRRAC, the workability drops even more to 
76 mm and 72 mm when coarse aggregate is replaced by 
25% and 0.75% macro-steel  and 0.25% micro-PP  are 
added, respectively. The accumulation of micro-PP fibers 
leads to the balling effect, which tends to reduce the 
workability of concrete.  

Table 4. Slump and mechanical properties of RAC and HFRRAC  

Specimen ID Slump 
Compressive 

Strength 
(N/mm2) 

Splitting 
Tensile 

Strength 
(N/mm2) 

Flexural 
Strength  
(N/mm2) 

Modulus of 
Elasticity (GPa) 

Control Mix 83 30.2 2.12 4.3 27 

RCA 25 80 31.33 1.98 4.1 27.56 

RCA 50 78 34.23 2.55 4.45 27.9 

RCA 25 – SF 0.5 77 33.78 3.11 4.75 28.2 

RAC 25 – SF 0.75 – PP 0.25 76 21.56 2.83 3.45 27.92 

RAC 25 – SF 1- PP 0.5 75 34.23 1.84 3.95 28.5 

RAC 50 – SF 0.5 73 40.67 3.4 4.05 30 

RAC 50 – SF 0.75 – PP 0.25 72 36.89 3.4 4.5 28.4 

RAC 50 – SF 1 – PP 0.5 68 20.01 1.84 3.25 28.72 

 
 

 

Figure 7. Variation of slump for control mix, RAC and HFRAC 
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3.2 Compressive strength of recycled aggregate concrete 
and hybrid fiber reinforced recycled aggregate concrete 

 
The compression test was done on cubes of size 150mm 

x 150mm x 150mm specimens, which were dried in an oven 
after a curing period of 28 days. When compared to the 
control mix, the addition of 25% recycled aggregate leads to 
a minor increase in compressive strength (31.33 MPa). The 
addition of 0.5% macro-steel s increases the strength by 3 
MPa in FRRAC specimens. In HYRAC, the addition of 0.5% 
PP s reduces the compressive strength to 21.56 MPa. An 
excess number of micro-fibers reduces the workability of 
concrete and increases the pores in the concrete specimen, 
which leads to a decrease in strength. While varying the 
composition of macro-steel s in concrete, it was noted that 
with an increase in the concentration of macro-steel s along 
with the addition of micro-PP fibers, the strength of the 
concrete decreased, and for the RAC 25-SF 1-PP 0.5 mix, a 
considerable drop in strength can be observed. However, the 
mix constituting RAC and steel fibers alone showed the 
maximum strength achieved after 28 days in the RAC 50 – 
SF 0.5 mix. Similarly, for a 50% replacement of aggregate 
with RAC, an increase in the SF composition alone resulted 
in an increase in strength for up to 0.5% SF. Beyond 0.5% 
SF, and the addition of micro-PP s slightly reduces the 
strength. The results conclude that the RAC 50-SF 0.5 mix 
is the most optimal mix for designing concrete that can 
withstand high compressive strength. Figure 8 illustrates the 
variation in compressive strength for the control mix, RAC, 

and hybrid -reinforced concrete. Despite the addition of 
excess microfibers reducing the strength, Figure 9 shows a 
wide range of cracks spreading throughout the entire 
specimen in the cube failure pattern. The poor compaction of 
the concrete mix with microfibers may be the cause of the 
strength reduction. Therefore, the micro-s help to disperse 
the cracks and prevent sudden failure of the concrete 
specimen.  

 
3.3 Flexural strength of recycled aggregate concrete and 

hybrid fiber reinforced recycled aggregate concrete 
 

Table 4 provides the flexural strengths of the control 
specimens, RAC, FRRAC, and HFRRAC. The control 
specimen's flexural strength was 4.3 MPa, which decreased 
by 4% for a 25% aggregate replacement with RAC. Flexural 
strength, like compression and splitting tensile strength, 
increases with the addition of SF and hybrid . For hybrid fiber, 
RAC 25-SF 1-PP 0.5 showed reduced flexural strength (3.4 
MPa) which is like the previous test results. When 0.75% 
macro-steel  and 0.25% micro-PP  were added to the control 
mix (CM), the strength of the hybrid -reinforced mix went up 
by 9.5%. The addition of  increases the post-peak toughness 
of the beam under flexural load. All the s embedded in the 
concrete matrix contribute to stress transfer until the 
specimen fails, a process that occurs once the s reach their 
ultimate capacity. For a 50% replacement of RAC, the 
flexural strength values range from 3.95 MPa, 4.05 MPa, 4.5  

 

 

Figure 8. Compression strength of RAC and HFRRAC  
 

 

Figure 9. Formation of micro cracks in hybrid fiber reinforced recycled aggregate concrete (a) 25% RAC & (b) 50% RAC 
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Figure 10. Flexural strength of RAC and HFRRAC 

 

 

Figure 11 flexural test of (a) RAC (b) SFRAC, & (c) HFRRAC 
 

 
MPa, and 3.25 MPa for RAC 50, RAC 50-SF 0.5, RAC 50-
SF 0.75-PP 0.25, and RAC 50-SF 1-PP 0.5, respectively. 
Figure 10 illustrates the variation in flexural strength. The 
present flexural strength values agree well with the previous 
research findings. Figure 11 (a–c) displays the failure pattern 
for the control mix, FRRAC, and HFR RAC.for the control 
mix, FRRAC, and HFR RAC. 
 
3.4 Modulus of elasticity of recycled aggregate concrete 

and hybrid fiber reinforced recycled aggregate concrete 
 

Within the elastic region, the ratio of stress and 
corresponding strain measures the value of modulus of 
elasticity (MoE) of concrete. Since concrete is a brittle 
material, the addition of macro-steel s helps to improve the 
strength properties, mainly the compression, and flexural 
strength, thereby increasing the modulus of elasticity value. 
Figure 12 illustrates the variation in MoE between RAC and 
HFRRAC materials. For the control specimen, the MoE was 
27 GPa, which slightly increased to 27.6 GPa with the 

addition of 25% RAC. The orientation of the macro-steel 
fibers helps to increase the concrete mix's modulus of 
elasticity. The addition of SF and PP  leads to an increase in 
the modulus of elasticity (MoE), which is in line with the 
values for compression, tension, and flexural strength. When 
we replace 50% of the aggregate with recycled aggregate 
and 0.5% SF, the modulus of elasticity (MoE) increases to 
30 GPa (RAC 50–SSF 0.5), indicating a 10% increase 
compared to the control mix. For the fourth series of 
specimens, namely the RAC 25-SF 1-PP 0.5, the MoE 
decreases to 27.9 GPa.RAC 50, RAC 50- SF 0.5, RAC 50- 
SF 0.75 – PP 0.25 and RAC 50 – SF 1 – PP 0.5 the MoE 
values were 28.5 GPa, 30 GPa, 28.4 GPa, and 28.7 GPa, 
respectively. The voids in the concrete mix decrease with the 
amount of SF and PP, which also increase the strength of 
the concrete and thereby the MoE value. Therefore, we can 
conclude that the addition of RAC, SF, and PP s reduces the 
strain in the concrete under the applied compression load, 
thereby increasing the modulus of elasticity. Figure 13 
displays the specimen that failed the axial compression test. 

 

 



Study on the mechanical property, water absorption, and acid resisitance of steel and polypropylene hybrid fiber reinforced recycled 

aggregate concrete 

Building Materials and Structures 67 (2024) 2400004R   77 

 

Figure 12. Modulus of elasticity of RAC, SFRAC and HFRRAC specimens  
 

 

Figure 13. Tested specimen for Modulus of elasticity 
 
.
3.5 Water absorption of recycled aggregate concrete and 

hybrid fiber reinforced recycled aggregate concrete. 
 

For the water absorption test, the specimens were dried 
in an oven for a specified time and temperature and then 
placed in a desiccator to cool. Immediately upon cooling, the 
dry weight of the specimen was recorded. The cylinder 
specimen was then partially immersed in water to allow 
capillary movement of water particles through the specimen. 
The weight of the specimen was measured at regular 
intervals until the saturation condition was reached. For the 
normal mix, the dry weight of the specimen was found to be 
0.88 kg, and the weight after 30 minutes and 3 days was 
found to be 0.89 kg, and 0.91 kg, respectively, with an initial 
water absorption of 1.14% and a final water absorption of 
3.41%. Increasing the amount of recycled aggregate in 
concrete leads to an increase in water absorption. The water 
absorption percentages after 30 minutes were 1.83%, and 

1.82% for RAC 20, and RAC 50, respectively. For macro-
steel -reinforced RAC, the water absorption percentage was 
1.54% and 2.06% for RAC 25-05 SF. With the addition of 
hybrid s, the water absorption percentage increased with the 
increase in micro-PP  content. We observed the highest 
water absorption value for RAC 25-1 SF + 0.55 PP, with an 
initial water absorption of 8.57% and a final absorption of 
16.29%. An increase in the weight of the specimen after 
immersing it in water reflects that with the increase in RAC 
composition, the water absorption increases, which is due to 
the presence of old concrete particles adhering to the 
aggregate. Also, the PP s tend to increase the water 
absorption percentage, which is mainly due to the increase 
in porosity of the concrete specimen. Table 5 tabulates the 
water absorption test results. Figure 14 displays the initial 
water absorption and final after-absorption of RAC, SFRAC, 
and HFRRAC. 
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Table 5. Water absorption test result 

Specimen ID 
Dry weight of 

Specimen 
(kg) 

Weight of 
specimen 

after 30 min 
(kg) 

Weight of 
specimen 

after 3 days 
(kg) 

Initial Water 
Absorption 
(30 min) % 

Final water 
Absorption % 
(After 3 days) 

Control mix  0.88 0.89 0.91 1.14 3.41 

RCA-25  0.872 0.888 0.919 1.83 5.39 

RCA-50 0.879 0.895 0.926 1.82 5.35 

RCA-25-0.5SF  0.91 0.924 0.957 1.54 5.16 

RCA-50-0.5SF  0.923 0.942 0.974 2.06 5.53 

RAC-25-0.75SF-0.25PP 0.852 0.872 0.91 2.35 6.81 

RAC-50-0.75SF-0.25PP 0.868 0.888 0.931 2.30 7.26 

RAC-25-1SF-0.5PP 0.669 0.733 0.778 9.57 16.29 

RAC-50-1SF-0.5PP 0.665 0.722 0.778 8.57 16.99 

 

 

Figure 14. Water absorption percentages after 30 minutes and 3 hours RAC and HFRRAC specimens 
 
 
3.6 Acid attack test 
 

Acid resistance refers to a material or colour's ability to 
resist degradation upon exposure to acid. Durability tests of 
acid resistance of concrete were determined in terms of 
weight loss and residual compressive strength. We cast and 
cure concrete cubes for this test, noting their initial dry weight 
before conducting the acid resistance test. Next, we immerse 
the cubes in sulfuric acid for three days, remove them, give 
them a thorough rub, and note their weight after three days. 
The cubes are again immersed in the sulphuric acid for 
seven days. The weight of the cubes after seven days of acid 
attack is noted. The cubes are cleaned, rubbed, and again 
immersed in acid for 14 days, the weight of the cubes is 
noted. The comparative weight of the cubes after immersing 
in acid is noted on the third, the seventh and the fourteenth 
day to check the durability of the cubes. Table 6 tabulates 
the amount of weight loss in the concrete specimen following 
acid exposure. Compared to the control mix, the percentage 
weight loss for RAC was 3.42% and 7.57% for RAC 25 and 
RAC 50, respectively. With the addition of s, the weight loss 

due to acid attack increased slightly to 4.97 and 7.27 for 
RCA-25-0.5SF and RCA-50-0.5SF respectively. For hybrid -
reinforced concrete, the weight was observed to be a 
maximum of 10.92% for RAC-50-1SF-0.5PP. Thus, the 
addition of s tends to slightly increase the pores in concrete 
and thereby increase the possibility of acid attack.   

Figure 15 shows the surface of the specimen exposing 
the s after 7 and 14 days in an acid environment. After 14 
days, the compressive strength of the cube specimen 
subjected to an acid environment was tested and tabulated 
in Table 7. Figure 16 shows the variation of strength after 
acid attack. The results showed that the macro-steel -
reinforced specimen's strength was approximately 20 Mpa 
and 15 Mpa for 25% and 50% RAC replacement, 
respectively. For hybrid  reinforcement, the strength was 24 
MPa and 22 Mpa which is slightly lower when compared to 
control specimen. Thus, the addition of s tends to improve 
the strength properties of concrete both, in a normal as well 
as an acidic environment. But an increase in the micro  
content reduces the strength due to an increase in the 
porosity of the concrete specimen. 
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Table 6. Specimen weight loss after acid attack 

Specimen Dry 
weight of 
the cube 

(kg) 

3rd day weight 
of the cube 

(kg) 

7th day weight 
of the cube 

(kg) 

14th day 
weight of the 

cube 
(kg) 

Percentage 
weight loss 

after 14 days 
(%) 

Control mix  2.484 2.46 2.43 2.40 3.38 

RCA-25  2.340 2.32 2.30 2.26 3.42 

RCA-50 2.337 2.31 2.25 2.16 7.57 

RCA-25-0.5SF  2.336 2.30 2.26 2.22 4.97 

RCA-50-0.5SF  2.448 2.41 2.36 2.27 7.27 

RAC-25-0.75SF-0.25PP 2.450 2.42 2.39 2.35 4.08 

RAC-50-0.75SF-0.25PP 2.563 2.53 2.47 2.35 8.31 

RAC-25-1SF-0.5PP 2.287 2.263 2.20 2.17 5.12 

RAC-50-1SF-0.5PP 2.391 2.37 2.26 2.13 10.92 

 
 

 

 

Figure 15. Acid attack specimen after (a) 7 days and (b) 14 days 
 

Table 7. Acid attack test compressive strength 

Specimen ID 
Compressive strength 

(N/mm2) 

NC 27 

RAC-25 13 

RAC -50 23 

RAC-25-0.5SF 20 

RAC-50-0.5SF 15 

RAC-25-0.75SF+0.25PP 24 

RAC-50-0.75SF+0.25PP 22 

RAC-25-1SF+0.5PP 5 

RAC-50-1SF+0.5PP 6 
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Figure 16. Compressive strength of RAC & HFRRAC specimen subjected to acid environment.  
 
 
4 Conclusion 

From the experimental investigation carried out to study 
the mechanical and durability properties of RAC and 
HFRRAC, the following conclusions can be derived:  

• The control mix recorded a slump of 83 mm, which 
decreased as the percentage of RAC, SF, and PP 
increased. For the mixes RAC 25, RAC 25-SF 0.5, RAC 
25-SF 0.25- PP 0.25, RAC 25- SF 1- PP 0.5, RAC 50, 
RAC 50- SF 0.5, RAC 50- SF 0.75 – PP 0.25 and RAC 
50 – SF 1 – PP 0.5 the slump value decreases to 80mm, 
78mm, 77mm, 76mm, 76mm, 75mm, 73mm, 72mm, 
68mm.  

• The RAC mix's compressive strength increased by up to 
4% compared to the unreinforced mix (CM). The 
compressive strength of the HFRRAC increases and 
then decreases as the percentage of macro steel 
increases. 

• The addition of RAC, SF, and PP s increases and 
decreases the flexural strength. For HFRRAC, the 
strength properties decrease as the percentage of 
macro-SF increases. The reduction in strength properties 
with the increase in the percentage of macro-SF is due to 
the orientation of SF fibers, bond between the aggregate 
and cement matrix.  

• The modulus of elasticity value increases with the 
addition of RAC, macro-SF and micro-PP s. For 
HFRRAC, the strength properties increase as the 
percentage of macro-SF and micro-PP increases. The 
orientation of the aggregate, the bond between the 
aggregate and cement matrix, or the elongated shape of 
the aggregate all contribute to the increase in strength 
properties as the percentage of coconut shell increases. 

• None of the tested specimens showed evidence of 
fracture in the recycled aggregate, demonstrating its 
unrestricted use as a replacement for conventional 
aggregate. Therefore, it can be concluded that RAC, 
macro-steel  and micro-polypropylene  can be effectively 
used as reinforcement in concrete to produce a 
sustainable concrete solution.  
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A r t i c l e  h i s t o r y  A B S T R A C T  

The interaction between the wheel and the running rails within the railway system 
introduces intricate stress patterns, resulting in the formation of rolling contact 
fatigue (RCF) rail defects. The magnitude of this stress is contingent upon factors 
such as track performance, vehicle characteristics, and service conditions. While 
advancements in rail metallurgy can mitigate the issue to some extent, no 
economically viable steel composition currently exists that can completely withstand 
the repetitive stresses associated with RCF. It is more cost-effective to properly 
maintain rails for longer use rather than replace them entirely. The paper 
emphasizes the importance of classifying and coding RCF rail defects in light of their 
potential adverse effects on rail transport safety. It provides an analysis of the 
available inspection methods for RCF rail defects and recommends the ones that 
should be implemented on the Serbian railway network. A combination of proposed 
inspection methods is preferred to increase detection efficiency for different types 
of RCF defects. 
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1 Introduction 

The Serbian railway network is a crucial link connecting 
Southeast Europe to the broader European railway network. 
Serbia, as an essential transportation corridor, plays a crucial 
role in facilitating efficient connections between Eastern and 
Western Europe. Its strategic geographical location makes it 
a pivotal trade hub, allowing for the efficient transportation of 
goods and passengers. Improvements and modernization of 
the railway infrastructure in Serbia directly impact the overall 
efficiency of the European transportation system [1]. This, in 
turn, fosters economic cooperation, trade, and mobility within 
Europe. Therefore, investments in the Serbian railway 
network not only contribute to the country's regional 
development but also strengthen its integration into the 
European transportation system. 

The railway density in Serbia is 49.2 km/1000km2, similar 
to the EU average of 50.1 km/1000km2. The Serbian railway 
network spans 3819 km.The crucial part of this network is the 
European Corridor X (Figure 1), which has two branches 
leading towards Hungary (Belgrade-Budapest) and Bulgaria 
(Niš-Sofia). Corridor X is an important part of the 
southeastern multimodal axis, which connects the following 
countries: Austria/Hungary, Slovenia/Croatia, Serbia, and 
Bulgaria/North Macedonia/Greece. The modernization and 
reconstruction of the railway infrastructure on Corridor X 
through Serbia aim to increase train speeds to 200 km/h and 
axle loads to 225 kN. 

An increase in vehicle speed, traffic density, and axle 
loads on the railway lines in Serbia could lead to the 
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significant appearance and development of rail defects 
caused by rolling contact fatigue (RCF), which adversely 
affects maintenance costs, noise, and vibration emissions 
and could endanger traffic safety. RCF implies rail damage 
caused by the complex stresses that are characteristic of rail-
wheel rolling contact (Figure 2). To ensure safe railway 
transport, efficient inspection methods are crucial in 
detecting RCF rail defects. 

In their previous paper [2], the authors presented and 
described representative types of non-destructive inspection 
methods, both conventional and innovative, with a focus on 
their basic characteristics, advantages, and disadvantages. 
The research [2] was based on numerous international 
research studies and representative published papers. The 
purpose of the research [2] was to identify practical 
applications for inspection methods in the railway industry 
and suggest ways to enhance equipment and software for 
better results in rail inspection. The authors recommended 
combining multiple inspection methods to improve rail defect 
detection performance [2]. 

In this paper, the authors focus on improving the RCF rail 
defect inspection procedure by using modern, non-
destructive methods to detect these defects on the railway 
network in Serbia. The goal is to efficiently detect RCF 
defects on in-service running rails using manual or installed 
equipment on commercial or inspection vehicles. The 
effective inspection of RCF rail defects should be the basis 
for reactive, scheduled, and predictive maintenance of rails 
in service. 
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Figure 1. Main railway lines through the Republic of Serbia (left) and modernised railway line for speeds up to 200 km/h 
(right) 

 

 

Running table contact 

 

Gauge corner contact 

 

Steel surface after rail break 

 
Specific zones where RCF defects 

are mostly occur on the left rail 

 
Location of the subsurface 

initial micro-crack 

Figure 2. Contact zones with complex RCF stress on the left running rail 
 
 

2 Brief review of RCF rail defects and coding system 

In 2018, the general classification and coding system for 
the RCF rail defects caused by the complex stresses that are 
characteristic of rail/wheel contact were provided by IRS 
70712 [3] and EN 16729-3 [4]. Furthermore, EN 13231-5 [5] 
provides defect definitions without a coding system. The 
paper [6] deals with the incompatibility of European 
standards [4,5] with UIC recommendations [3, 7, 8], which 
could create difficulties and misunderstandings in applying 
coding system (Table 1). 

RCF defects can be extremely dangerous for railway 
traffic, causing harm to both human lives and the 
environment. They can result in injuries, material damage, 
and other catastrophic incidents [9, 10]. Therefore, it is 
essential to have an accurate coding system to track the 
occurrence of such defects. A uniform coding system used 
throughout the EU network would be beneficial for statistical 
analysis purposes and help identify the areas that require 
immediate attention to prevent any further damage.Тhe 
Infrastructure Manager (IM) has to define a Rule book with 
the following data about a rail defect to achieve successful 
inspection and maintenance of rail defects: 
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− the official name of the rail defect in both Serbian and 
English,  

− a standard benchmark photo indicating the 
characteristic appearance and location of the defect on the 
rail 

− a brief description, including data on the location and 
cause of the occurrence,  

− recommended methods for detection,  

− recommendations for condition monitoring and 
maintenance,  

− a unique numerical code, and  

− necessary comments indicating the degree of danger 
it poses to railway transport safety. 
 

 

Table 1. Inconsistencies in the RCF rail defect coding system 

Benchmark photo  Brief definition by EN 13231-5 Numbering codes and comments 

 

Head checking (HC) 

Small parallel cracks on the rail 
head near the gauge corner. 

− 1223, 2223 by IRS 70712 

− 2223 by EN 16729-3, UIC 
Code 712 and UIC CODE 
725 

 

Belgrospi  

A network of cracks developing 
on the rail head of track with a 
speed greater than 160 km/h 
affected by short-pitch 
corrugation. 

− 2271 by EN 16729-3 

− Not consider by IRS 70712 

 

Squat  

Rolling contact fatigue defect 
whose main characteristics are 
a blackish patch on the rail 
head, a lateral flow of steel and 
a collapsed and widened rolling 
band. 

− 127, 227, 417, 427 by IRS 
70712 and EN 16729-3 

− 2271,437 by IRS 70712 

 

Flaking 

Surface condition consisting of 
the gouging of metal on the 
railhead. 

− 2222 Shelling of the gauge 
corner by UIC Code 712, 

− 1221, 2221 by IRS 70712 

 

Spalling 

Cracking and chipping on the 
top of the rail. 

− 1211, 2211 by IRS 70712 

 

Side cutting 

Wear occurring on high rails in 
small radius curves where 
wheel flanges contact the rail. 

− 2203 by IRS 70712 
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Lipping 

Plastic metal flow occurring on 
the rail head under conditions of 
high axle load and high gross 
tonnage. 

Not consider by IRS 70712 

The lippingdefect is a 
manifestation of HC defect on a 
track with variable traffic direction 
(e.g. single track line). 

 

Short pitch corrugation 

Quasi-periodic irregularities on 
the running surface. The 
wavelength usually is 10 mm to 
100 mm. The short-pitch 
corrugation is typically 
encountered in the straight 
track on both rails and large 
radius curves on the high rail. 

2201 Code by IRS 70712 and 
definition as follows: 
Short-pitch corrugation is 
characterised by a pseudo-
periodical sequence of bright 
ridges and dark hollows on the 
running surface with a pitch 
generally less than 8 cm. This 
defect can appear at any location. 

2202 Code by IRS 70712 and 
definition as follows: 
Long-pitch corrugation is 
characterised by depressions in 
the running surface of the railhead 
of lower rail in curves and 
tangential tracks. The pitch varies 
between 8 and 30 cm. The 
progression of the corrugation 
depends on curve radius, cant 
deficiency/excess, steel grade, 
friction in wheel/rail contact, and 
vehicle characteristics. 

Short-wave corrugation and long-
wave corrugation are not included 
in IRS 70712. 

 

Short wave corrugation 

Depressions in the running 
surface which are pronounced. 
The wavelength usually is 30 
mm to 300 mm. 

 

Long wave corrugation 

Irregular unevenness on the 
running surface. The 
wavelength usually is 300 mm 
to 1000 mm. 

 

Wheel burn 

Abrasive, plastic and thermal 
damage occurring in zones 
where trains start to move. 

− 2251, 2251 by IRS 70712 

− 125, 2251, 2252, 445 by EN 
16729-3 

 
 

To prevent misunderstanding, the names head checking, 
squat, and belgrospi are used universally in scientific and 
professional documents without translation, due to the 
proven danger of causing multiple rail breaks under the 
vehicle. A significant number of research papers worldwide 
[11-19] deal with HC and squat rail defects due to their threat 
to railway safety. 

In addition, corrugation is the topic of many scientific and 
professional papers. It has a direct impact on railway traffic 
comfort and initiates the deterioration of the railway 
infrastructure. Alternative forms of fatigue deterioration may 
arise due to the continuous interaction of the wheel with 
corrugation peaks, giving rise to a distinctive form of 
structural impairment referred to as "belgrospi". These rail 
defects manifest as cracks forming on the wave peaks and if 

left untreated, progress into more severe anomalies known 
as squats. This entails the emergence of a network of cracks 
on the corrugation crests, which resemble a combination of 
irregular headchecks and minor squats. The rail defect is 
named Belgrospi after being initially observed by German 
engineers Belz, Grohmann, and Spiegel on a German high-
speed line. Belgrospi cracks pose a risk of consequential and 
substantial damage to rails. Research by Schoech [20] 
indicates that short-pitch corrugation with a depth of 0.03 mm 
can significantly elevate dynamic forces, leading to the 
development of such structural defects. 

A visual inspection of the rails on the double-track railway 
Belgrade - Novi Sad for speeds up to 200 km/h, which was 
put into regular traffic on March 20, 2022, indicates the 
presence of RCF rail defects. On this railway line, belgrospi 
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rail defects were observed for the first time in Serbia. Figure 
3 shows the development of corrugation and belgrospi 
defects on the corrugation crests. Figure 4 shows the 
development of a squat defect in a typical place next to a 

concrete sleeper due to a change in the vertical stiffness of 
the switch support. Figures 3 and 4 show the RCF rail defects 
in the railway section where preventive grinding of new rails 
was not carried out. 

 

 

Figure 3. Belgrospi cracks forming on the corrugation peaks in the switch on the Stara Pazova – Novi Sad railway line 
(Photoby Aleksandar Milutinović in December 2023) 

 

 

Figure 4. A squat defect developed right next to the concrete sleeper (Photo by Aleksandar Milutinović in Indjija station, 
December 2023) 
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It is essential to develop a plan for managing the 
emergence and progression of RCF defects on railways in 
Serbia. The first step is to develop regulations for classifying 
and coding rail defects, as well as mandatory training for 
professional staff. Following this, non-destructive methods 
should be chosen for early detection and monitoring of the 
development of rail defects. Lastly, the rails have to be 
repaired or removed. 
 
3 Recommended NDT methods for RCF inspection of 

rail defects on the serbian railway network 

The inspection methods for rail defects during the 
development of railway infrastructure and vehicles undergo 

cycles of progress and inactivity. Progress is driven by 
advancements in measurement devices, equipment, 
acquisition systems, and software for processing and 
analyzing recorded data (Figure 5). The effectiveness of 
these processes relies on the knowledge, economic, and 
management capabilities of the inspection management, as 
well as the skills of the employees who perform the 
inspection tasks. 
Internal and external factors influencing each railway 
company's decision on choosing NDT (Non-Destructive 
Testing) methods for inspecting RCF rail defects can be 
diverse. Table 2 shows several factors that may impact the 
decision. 

 

 

 

Rail break 

 

Rail cross-sectionafter 
thebreak 

Figure 5. The capacity of inspection devices and their impact on the lifespan of the railway 
 

Table 2. Overall factors influencing a railway company's decision on choosing NDT for inspecting RCF rail defects 

Internal factors influencing a railway company's decision 

Financial Resources The availability of financial resources for implementing a specific NDT method can be a crucial 
factor. Equipment costs, staff training, and maintenance expenses may limit the options. 

Staff Expertise For a particular NDT method to be successful, staff must be trained in its application. An internal 
factor includes having experts within the railway company familiar with a specific method. 

Resource Availability Depending on the company's size and capabilities, certain NDT methods may not be practical or 
feasible. In some cases, implementing specific NDT methods may not be practical or achievable 
due to limitations in the company's resources or infrastructure. 

System Sustainability Infrastructure and vehicle maintenance, as well as access to accurate system condition data, 
play a crucial role in selecting an appropriate NDT method. 

External factors influencing a railway company's decision 

Regulations Legal requirements and technical regulations may demand the use of specific NDT methods to 
ensure safety and compliance with Directives, TSIs, and EN standards. 

Technological 
Advancement 

Rapid technological developments in NDT can offer new and more efficient methods that the 
company may consider to enhance its inspection procedures. 

Industry 
Developments 

Changes in the railway transportation industry, such as new types of vehicles or increased 
speeds, can influence the need for more advanced inspection methods. 

Social Responsibility Increased awareness of environmental protection and accident reduction can affect the decision 
to use more precise inspection methods to minimise the risk of accidents. 
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All these factors together can influence the decision-
making process regarding the selection of a suitable NDT 
method for inspecting RCF rail defects. The railway company 
needs to consider these factors to achieve a balance 
between efficiency, economic feasibility, and compliance 
with standards and regulations. Traditionally, Serbian 
railways use visual and ultrasonic methods to detect rail 
defects.  

Figure 6 shows the different groups of methods available 
for detecting rail defects along with the methods that IM plans 
to apply (highlighted in grey in Figure 6). IM will achieve this 
by purchasing equipment and installing it on inspection or 
commercial vehicles. It is possible and sometimes preferable 
to use a combination of multiple testing methods. 

Figure 7 shows in detail the specific NDT methods that 
are already used on the Serbian railways (visual testing and 
conventional ultrasonic testing), as well as the methods 
recommended by the authors of this paper, as follows: 

− ultrasonic testing using phased array probes, 

− conventional eddy current testing, and 

− axle box acceleration measurement. 
SWOT analysis was used to see if the suggested NDT 

methods would work on the Serbian railway network to find 
RCF rail defects. This type of analysis gives a full picture of 
a thing's strengths, weaknesses, opportunities, and threats 
(Table 3). Considering these methods' advantages, their 
high precision in detecting structural changes indicative of 
RCF defects stands out. Additionally, their effectiveness in 

identifying defects at the early stages of development 
enables preventive maintenance, which can significantly 
reduce costs and enhance overall railway system safety. 

However, these methods are not without objective and/or 
subjective limitations. High implementation costs, particularly 
the acquisition of specialized equipment and personnel 
training, are possible weaknesses. Limitations in inspection 
speed and data analysis complexity may also pose 
challenges. Opportunities for improvement in these methods 
may arise from technological advancements and the 
development of algorithms for rapid and precise result 
analysis. 

Furthermore, the SWOT analysis recognises 
opportunities for integrating new technologies, such as 
artificial intelligence (AI) and machine learning, to enhance 
the efficiency and precision of RCF defect detection. 
Opportunities also exist for the development of standardised 
inspection procedures to ensure consistency in the 
application of these methods globally, with the possibility of 
combining several NDT methods. 

On the other hand, threats may stem from insufficient 
support for research and the implementation of new 
technologies, as well as the rapid technical obsolescence of 
existing equipment. Therefore, despite challenges, the 
SWOT analysis provides a comprehensive overview to 
optimize the use of proposed methods for NDT inspection of 
rail RCF defects, contributing to the improvement of safety 
and sustainability in railway systems. 

 
 

 

 
 
 
 
 
 
 
 
 

 

 

Figure 6. Available, used, and recommended groups of NDT methods for the inspection of RCF rail defects on the Serbian 
railway network 

 

 

Figure 7. NDTs used (left) and recommended for use(right) on the Serbian railway network 
 
 



Enhancing RCF rail defect inspection on the Serbian railway network 

90   Building Materials and Structures 67 (2024) 2400001P 

Table 3. SWOT analysis of recommended NDTs for RCF rail defects on the Serbian railway network 

INTERNAL FACTORS 

☺STRENGTHS of recommended NDTs  WEAKNESSES of recommended NDTs  

✓ Possibility of combining the proposed 
methods (VT, AVT, MT, PT, conventional 
UT, phased array UT, ECT, ABA). 

✓ Possibility of mounting measuring equipment 
on the SEVER-1435 track recording car 
(Figure 8) used by Serbian Railways (AVT, 
phased array UT, ECT, ABA). 

✓ Possibility of installing measuring equipment 
on commercial and inspection vehicles at 
commercial speed (AVT, ABA). 

✓ Detection of defects in the early development 
stage (phased array UT, ECT, ABA). 

✓ Evaluation of defect severity (VT, AVT, ABA). 
✓ Accessibility and usability of the inspection 

method (AVT, MT, conventional UT, phased 
array UT, ECT, ABA). 

✓ Simplicity inthe interpretation of inspection 
results (VT, AVT, conventional UT, phased 
array UT, MT, PT, ECT, ABA). 

✓ Application ofNDT method on running 
rails(AVT, conventional UT, phased array 
UT, ECT, ABA), preferably without track 
closure. 

✓ Mounting of inspection equipment to the 
inspection trolley for testing specific zones of 
limited length (AVT, conventional UT, phased 
array UT, ECT, ABA), preferably without 
track closure. 

✓ Application of non-contact NDT methods 
(ABA, AVT, ECT). 

? Obligation of IM to organize test track 
sections for calibration of measuring systems 
mounted on measuring vehicles and training 
of professional staff (conventional UT, 
phased array UT, ECT, ABA). 

? Inability to apply the method in bad weather 
conditions (VT, AVT, MT, PT). 

? Inability to detect defects undercertain 
sizes(VT, AVT, conventional UT, phased 
array UT, ABA). 

? Inability to detect defects over acertain size 
(conventional UT, phased array UT, ECT). 

? Inabilityof theNDT method to detect RCF 
subsurface rail defects (VT, AVT, 
conventional UT, ABA). 

? Inability to assess the severity of RCF 
defects(MT, PT, conventional UT, phased 
array UT, ECT). 

? Inspectionand measurement of RCF rail 
defects obscured by other cracks (UT, AVT, 
ECT). 

? The pronounced subjectivity in assessing the 
type and severity of RCF rail defect (VT, 
AVT). 

? Impossibility to mount to the commercial 
and/or inspection vehicle (VT, MT, PT). 

? Low inspection speed and application of the 
method on track sections of limited length 
(VT, MT, PT).  

? Safety risk for persons who are conducting 
inspections (VT, MT, PT, all types of 
inspections using trolley). 

EXTERNAL FACTORS 

☺ OPPORTUNITIESforrecommended NDTs  THREATSfor recommended NDTs  

± Education of inspection staff and 
improvement of knowledge in the field of 
RCF defect developmentthrough 
professional seminars in Serbia. 

± Specialized education for improving the 
knowledge of engineers for the application of 
inspection methods and analysis of 
measurement results with obtaining a 
certificate.  

± Combining the results of several methods to 
detect with greater probability the exact type 
(type and severity) and characteristics of 
defects.  

± Further improvement of NDT inspection 
methods. 

± Automated identification and classification of 
RCF rail defects based on their type and 
severity using AI. 

± Development of machine learning techniques 
suitable for defect detection. 

± Expanding the database of individual defects 
used for AI training. 

 RCF defects are spread over the entire 
railway network (about 3800 km of railway 
lines in Serbia). 

 Lack of professional knowledge and 
experience among infrastructure 
maintenance employees in predicting the 
development of RCF defects. 

 Availability of professional staff training and 
certification only abroad. 

 Lack of professional knowledge and 
experience in rail maintenance planning 
(preventive, cyclical and corrective 
maintenance of running rails in service). 

 Reliance on the rail inspection schedule 
based on railway traffic timetables. 

 Possibility to conduct rail inspection within 
short periods of railway line closure. 

 Reluctance of the inspection management to 
embrace innovative inspection technologies. 

 High costs forpurchase and maintenance of 
inspection equipment. 
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± Optimizing the number and type of 
parameters for detecting defects using 
machine learning. 

± Support provided by EN standardisation of 
NDT inspection method. 

± Improving railway transport sustainability and 
competitiveness in Serbia by ensuring safety, 
increasing comfort, reducing maintenance 
costs, andreducing noise and vibration 
emissions. 

± Establishing a laboratory for periodic 
calibration and checking the characteristics 
of measuring equipment in Serbia. 

 Impossibility to calibrate and verify the 
operation of the equipment according to the 
prescribed cycles at test 
sections/laboratories. 

 Undetected RCF rail defects may impact the 
safety of railway operations.  

 Challenges associated with the procurement 
of equipment from international sources 
based on the risk of availability of materials 
and components. 

 
Key: 
ABA - Axle Box Acceleration, 
AVT - Automatic Visual Testing 
ECT - Eddy Current Testing 

 
MT - Magnetic Particle Testing 
PT - Penetrant Testing 
UT - Ultrasonic Testing 
VT - Visual Testing 

 
 
4 Advantages and limitations of the proposed NDTs 

In their previous paper [2], the authors provided a 
comprehensive overview of modern NDT methods for the 
inspection of RCF rail defects. Before analysing which 
methods are suitable for application on the Serbian railway 
network, the expert team of the Serbian IM should have a 
good understanding of the procedures and equipment 
required for implementing these modern NDT methods. This 
paper highlights the advantages and limitations of each of 
the proposed methods without delving into the details of the 
procedures and equipment required for implementing them. 
 

4.1 General and detailed visual testing (VT) and automatic 
visual testing (AVT) 

For years, the Serbian railways relied on maintenance 
workers to visually inspect tracks in service. Visual 
examination of rail surface conditions by qualified railway 
personnel walking along the tracks is the most basic method 
for general and detailed testing. However, this approach has 
several drawbacks: it is slow, subsurface and internal defects 
cannot be observed, it poses safety risks for personnel, and 
it heavily relies on the knowledge and experience of the 
railway personnel conducting the inspection [21, 22]. To 
avoid these issues, the European standard [4] recommends 
a comprehensive visual testing approach for assessing rail 
corrugation and other surface rail defects using auxiliary 
lighting to ensure adequate illumination, enabling a thorough 
inspection and evaluation of track conditions. 

The VT methods provide information on visible surface 
rail defects. The advantages of this method include its 
simplicity, which provides a direct insight into the rail surface 
condition. Moreover, VT can be utilized to control and verify 
the results from other inspection methods. 

Inspection results may be subjective, and a combination 
of VT and AVT methods is often required for comprehensive 
analysis. VT has limitations in detecting defects at an early 
stage of development, and its performance is constrained by 
the need for walking the track the track, limiting inspection to 
shorter track sections. Weather conditions and traffic 
management during rail inspection also influence VT 

outcomes, and the presence of grinding marks can obscure 
surface defects in their early stages. 

As the speed of commercial trains has increased, 
reaching up to 200 km/h on the Belgrade-Novi Sad line, and 
the density of railway traffic has grown, the traditional visual 
method for detecting irregularities on the rail surface has lost 
some of its importance. However, automation of visual 
testing plays a crucial role in quickly and efficiently identifying 
rail surface irregularities. In Serbia, AVT equipment is 
mounted on an inspection car (Figure 8). The AVT system 
includes a device for illumination of running rails, a digital 
camera, and a device for image processing and defect 
identification. A specially designed illumination system 
ensures the preservation of a clear and contrasted image in 
any weather condition and at any time of the day [23]. 

AVT is a significant method for detecting surface defects, 
including squat, HC, belgrospi, and surface corrugation. This 
method involves various defect parameters, focusing on the 
precise location, area and length of surface deformation 
(squat, belgrospi), surface crack length and visibility of 
subsurface cracks indicated by dark patches on the rail 
surface (HC), defect orientation, number, and the 
assessment of defect severity. 

The AVT system is an automated inspection system that 
is user-friendly and simple to operate. The method relies on 
high-resolution cameras, and its effectiveness is influenced 
by weather conditions. The AVT method is suitable for real-
time monitoring and more detailed determination of defect 
parameters through image post-processing. However, this 
method’s outcomes may still be influenced by subjectivity, 
and the presence of grinding marks can obscure surface 
defects at an early stage of development. A combination of 
the VT and AVT methods is often required for 
comprehensive defect analysis. 

Limitations on measurement speeds stem from the 
impact of higher vehicle speeds on image blurring. Detailed 
inspections are feasible at lower speeds, while inspections 
at higher speeds rely on the jump search method [24]. 

To improve efficient rail inspection, ongoing 
developments of the AVT method focus on more detailed 
image processing and real-time inspection using complex 
algorithms [25-28]. 
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Figure 8. Modern recording car for track inspection on the Serbian railway network 
 
 
4.2  Magnetic particle testing (MT) and penetrant testing 

(PT) 

MT and PT constitute suitable methods for detecting 
surface defects, including squat, belgrospi and HC, on short 
track sections. These methods primarily focus on defect 
parameters such as location and surface crack length, 
although the latter is rarely utilized for squat defects. 

Noteworthy advantages of these methods include the 
ability of MT to indicate the presence of shallow subsurface 
defects, albeit with insufficient reliability [29]. Both MT and 
PT offer improved visibility of small defects at an early stage 
of development compared to VT and AVT. Additionally, these 
methods provide the possibility of recognizing defects below 
contaminated surfaces, such as those affected by lubricants. 
However, both MT and PT have inherent disadvantages, as 
they are not automatic and are time-consuming. 
 
4.3  Ultrasonic testing (UT) using conventional and phased 

array ultrasonic probes 
 

Calibration of the measuring system for volume defects 
is described in EN 16729-1 [30]. It defines the methods for 
calibrating probes and the preparation of the test sections. 
Furthermore, in [30], the optional and mandatory probe 
angles for different types of volumetric rail defects, as well as 
the frequency range of ultrasonic waves (from 2 to 5 MHz), 
are defined. 

In addition, standard EN 16729-3 [4] indicates the 
possibility of using UT probes for the detection of certain 
types of RCF defects (HC and squat, excluding corrugation 
and belgrospi), by defining the probe angle and the way of 
conducting the inspection (manual or vehicle-mounted 
equipment). 

In general, the conventional UT method may prove 
incapable or unreliable in detecting surface and shallow 

subsurface defects due to the "dead-zone" phenomenon. 
The width of this zone depends on the probe angle 
concerning the vertical plane defined by [4] and affects the 
minimum depth at which defects can be detected. 
Furthermore, the minimum depth of defect detection is 
different depending on whether manual or vehicle-mounted 
equipment is used. 

To detect squat and HC defects, it is recommended to 
use a probe angle of 70° to excite subsurface Rayleigh 
waves in the rail head. Moreover, for measuring the depth of 
the squat depression, a probe angle of 0° is recommended. 
However, it is important to note that the measurements may 
be obscured by other local cracks. For manual UT of HC 
defects, vertical depth can only be measured from 3 mm. In 
the case of vehicle-mounted UT equipment for HC defects, 
vertical depth measurement starts from 5 mm [4]. 

Instead of conventional UT, the application of phased 
array probes is increasing. The advantage of these probes 
lies in the capability of software to adjust the frequency, 
angle, and penetration depth of ultrasonic waves to specific 
appearance zones associated with rail defects. It allows for 
the simultaneous spreading of ultrasonic waves in various 
directions. One phased array probe can replace seven 
conventional UT probes, which reduces the amount of 
contact medium needed for inspection. Phased array 
systems enable fast signal analysis, and the real-time defect 
detection algorithms are constantly being improved. 

The method's speed limitations stem from the influence 
of the contact medium and the needed measurement 
resolution. Modern measuring systems have developed 
protection for the probes from wear based on different forms 
of belts and sliding systems. In practice, inspection at speeds 
up to 80 km/h provides accurate detection of defects. The 
preferable inspection speed range is from 40km/h to 80 
km/h, although some manufacturers provide systems 
intended for speeds up to 100 km/h. 
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4.4  Eddy current testing (ECT) using conventional probes 

ECT, particularly when employing conventional eddy 
current probes, represents an efficient and often used 
method for detecting both surface-originated and subsurface 
defects like squat, HC, flaking, and spalling [4, 31]. It is a 
non-contact inspection method and can be optimised for 
specific types and zones of defect by choosing optimal 
shapes, characteristics, and arrangements of eddy current 
probes. This is the standard inspection method implemented 
both on commercial manual systems and automatic systems 
mounted on vehicles. The defect parameters that can be 
detected are precise location, HC pocket length, depth (with 
limitations on accuracy), and distance between HC cracks. 
The authors presented a detailed description of this method 
in their published papers [2, 32]. 

ECT can be utilized to monitor the performance of rail 
grinding machines [33] and is suitable for combination with 
other inspection methods [34]. 

The disadvantage of this method is the influence of lift-off 
on the characteristics of eddy current signals [35]. This 
affects the accuracy of squat defect sizing andthe evaluation 
of the depth of HC cracks and their distance. Additionally, the 
depth of penetration of eddy currents is limited by the 
inspection material and used frequency, so the pocket length 
of HC defects can be measured up to 10 mm, and their 
depths are calculated indirectly using an assumed angle and 
the measured pocket length [4]. 

When eddy current systems are mounted on the vehicle, 
the vehicle speed causes an increase in the frequency of 
induced eddy currents and a change in their penetration 
depth. The usual measuring speeds are up to 80 km/h. 

The accuracy of the method is improved by applying 
multi-differential eddy current probes and enhancing the 
signal processing techniques [36-39]. 

4.5  Tests using axle box acceleration (ABA) 
measurements 

The ABA method uses accelerometers mounted on the 
axlebox of trains in-service to determine the short- and long-
wave unevenness of the rail head surface. This system 
detects vertical and longitudinal oscillations due to rail 
surface defects [40]. Signal processing is based on 
frequency and time domain analysis of ABA signals, 
including wavelet analysis.  

This method represents a significant method for 
detecting squats and corrugation, and commercial ABA 
systems are applied worldwide [41]. It focuses on defect 
parameter evaluation, such as the exact location and length 
of surface depression. Additionally, this method is suitable 
for the automatic detection and classification of squat defect 
severity into four categories (trivial, light, moderate, and 
severe). Each defect severity category has characteristic 
amplitude-frequency spectra for ABA signals. Compared to 
vertical, longitudinal ABA signals are particularly sensitive to 
detecting light squats [42]. 

However, hunting, rolling bandwidth, and periodic 
repetitive vibrations originating from wheel defects influence 
the measured ABA signal and the probability of defect 
recognition. Moreover, the ABA signal characteristics of light 
squat defects are influenced by the speed of inspection 
vehicles and commercial trains. 

5 Conclusion 

This paper reports on the results of a case study that 
analysed the inspection methods used for identifying Rolling 
Contact Fatigue (RCF) rail defects on the railway network in 
Serbia, involving the performance of the railway 
infrastructure, inspection vehicles, and the expertise of the 
professional staff. 

Effective inspection and maintenance of rail defects, 
particularly RCF rail defects, are crucial for ensuring the 
safety and reliability of railway networks. The implementation 
of standardized inspection methods, such as ultrasonic 
testing (UT), visual testing (VT), automatic visual testing 
(AVT), eddy current testing (ECT), magnetic particle testing 
(MT), and penetrant testing (PT), plays a significant role in 
identifying and monitoring various types of RCF rail defects. 
Furthermore, the utilization of advanced inspection methods 
and adherence to reference European standards are 
essential for enhancing the accuracy and efficiency of defect 
detection. 

The Infrastructure Manager (IM) has to establish a 
comprehensive Rule book encompassing essential data for 
successful inspection and maintenance of rail defects, 
including standardized benchmark photos, detailed 
descriptions of defect origin and development, 
recommended inspection methods, and unique numbering 
codes.  

Additionally, collaboration with international research 
initiatives and adherence to safety guidelines outlined by 
organizations such as the European Committee for 
Standardization (CEN) and the International Union of 
Railways (UIC) is fundamental for promoting best practices 
in rail defect management. Considering future developments 
in inspection technologies, it is recommended that the 
Railways of Serbia continue to invest in research of modern 
inspection methods for RCF rail defects. This includes 
exploring the potential of phased array technology, eddy 
current testing and axle box acceleration measurements for 
more efficient and comprehensive RCF defect detection. 
Furthermore, the establishment of a laboratory and test track 
section for periodic calibration and checking the 
characteristics of measuring equipment would further 
enhance the accuracy and reliability of inspection processes 
in Serbia. 

The paper promotes the significance of combining 
different non-destructive inspection methods to provide 
reliable and early detection of RCF rail defects within the 
railway network. By integrating various inspection methods, 
it becomes possible to comprehensively assess the condition 
of the rails and identify RCF defects in their early stages. This 
approach not only contributes to the overall safety and 
reliability of railway operations but also minimises the 
potential impact of RCF defects on maintenance costs, 
noise, and vibration emissions. 

By continuously refining inspection techniques and 
embracing technological advancements, the Railways of 
Serbia could mitigate the risks associated with RCF rail 
defects, ultimately ensuring the sustaining of the lifecycle 
and safety of the railway network for passengers and freight 
transportation. 
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A r t i c l e  h i s t o r y  A B S T R A C T  

There are multiple definitions for integral road bridges. One of them explains that 
these are single-span bridges without expansion joints or bearings at the 
discontinuity locations. In terms of durability and maintenance, discontinuity 
locations are considered to be construction parts most exposed to damage in this 
type of structure. Engineers' efforts to lower maintenance costs and extend the 
durability of structures have led to the emergence of integral bridges. Early 
assessment of construction costs is crucial in determining the justification for 
constructing such structures, as it allows both the investor and the contractor to 
gauge their involvement in the project's implementation. The construction costs can 
be determined based on the structure characteristics. One of the major 
characteristics of integral bridges is the height of their piers. This paper examines 
how the pier height affects the construction costs of integral road bridges. The 
prognostic model in the Python 3.7.6 software package applies neural networks to 
determine the impact of pier height. According to the research, the pier height 
accounts for up to 20% of the total construction costs of integral road bridges. 
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1 Introduction 

Each structure is unique and has its own specificities. 
Many factors influence the construction costs of these 
structures. An estimate of the cost for each of the structures 
implies quantification of all the elements or resources that 
are an integral part of the construction and which are 
necessary for its completion. Determining the impact of any 
of the elements participating in the total sum is particularly 
challenging in the early stages of the project. 

Numerous definitions exist for integral road bridges. 
These are single-span structures with no expansion joints or 
bearings at the discontinuity locations. Moreover, these 
bridges represent a continuous frame without expansion 
joints and bearings only above the medium piers. For this 
type of bridge, the engineers also use the name semi-integral 
bridges. 

This type of bridge is easier to maintain, experiences 
fewer damages, has a longer lifespan, and enhances traffic 
safety. The primary cause of damage stems from 
discontinuity locations, which are either non-existent or 
absent in these bridges situated over medium piers. These 
bridges are constructed in monolithic, or prefabricated-
monolithic, style. 

The integral bridges consist of the span structure, piers, 
and bridge equipment. Each of these parts generates certain 
costs during the construction process. As the project 
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progresses, the quantity and quality of data relating to bridge 
parts change.  At the onset of project implementation, there 
is a limited amount of information available, and its reliability 
is lower. However, the possibility of an impact on expenses 
is the greatest in these early stages of project 
implementation. The impact on expenses decreases as the 
project progresses (Figure 1).  The information we have 
allows us to accurately determine the impact of each factor 
on the cost. This is why determining the impact of any factor 
on the total cost of construction at an early stage of bridge 
realisation presents a greater challenge. 

 

Figure 1. Cost-effective time to make changes [1] 
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This study demonstrates the effect of pier height on the 
cost of building integral road bridges The defined prognostic 
model for construction cost estimation has been used for 
analyzing the impact. 
 
1.1 Application of artificial neural networks in construction 
 

The publication of Adeli and Yeh's work [2] in the journal 
Microcomputers in Civil Engineering in 1989 marked the 
beginning of the application of neural artificial networks in 
construction. From its inception until today, the application of 
neural networks has grown. The reason for their wide 
application lies, on the one hand, in the wide range of 
possibilities they have and, on the other hand, in the very 
rapid development of software packages that provide users 
with a more comprehensive application. 

One possible application of neural networks in civil 
engineering is to define prognostic models to estimate the 
cost of different types of building structures. There are a 
large number of papers in the literature that present different 
models for cost estimates [3, 4, 5, 6, 7, 8, 9, 10, 11].  

M. O. Sanni-Anibire, R. M. Zin, and S. O. Olatunji 
developed a model for estimating the cost of building 
construction structures in the early stages of the project 
using artificial intelligence techniques. The authors defined 
12 models and determined their performances. The authors 
present the performances using Root Mean Squared Error 
(RMSE =6.09) and Mean Absolute Percentage Error (MAPE 
= 80.95%) [12]. 

S. Nirajkumar, J. P. Shah, Z. H. Shah, and M. S. Holia 
focused their research on estimating the costs of the 
structures that are part of the road infrastructure during the 
early design stages. The research resulted in the 
identification of appropriate factors that are easily available 
in the early stage and are used for fast, simple, and accurate 
enough cost estimates [13]. 

S. K. Magdum and A. C. Adamuthe developed a 
prognostic model for estimating construction costs. Four 
models of neural networks (NN) and 12 multi-layered 
perceptron models (MLP) were compared. MLP and NN give 
better results than the statistical regression methods. 
Compared to NN, MLP functions better on a training data set, 
which is not the case with a test set. Five functions for 
activation were tested to identify an appropriate function for 
the problem. The "Elu" activation function gives better results 
than other activation functions. The study showed that the 
RMSE values for multiple linear regressions, NN, and MLP 
were 62.6269, 41.69, and 28.49, respectively. MLP 
performance is better than that of NN and statistical multiple 
regression [14]. 

G. H. Kim, S. Hoon An, and K. Kang examined the 
performance of three cost estimation models. The trials were 
based on multiple regression analysis (MRA), neural 
networks (NN), and case-based reasoning (CBR) using 530 
cost data points. NN provided the best estimation model 
compared to MRA or CBR estimation models. On the other 
hand, the CBR estimation model outperformed the NN 
estimation model in terms of long-term use, available results 
information, and time-to-accuracy ratios [15]. 

2 Materials and Methods 

To consider the impact of the pier height on the cost of 
the construction of integral road bridges, a model was 
defined for estimating the estimated construction expenses.  

The process of defining the prognostic model involved a 
number of steps. Figure 2 illustrates the stages involved in 
defining the model. 

 

Figure 2. Stages in defining a prognostic model 
 

The 101 main designs of integral road bridges built in the 
territories of Montenegro (48), Bosnia and Herzegovina (29), 
and Serbia (24), provide the data used to define a prognostic 
model. [16] 

All the required data were analyzed from the bill of 
quantities and cost estimates of all the designs. Because the 
designs were made in three different countries and their 
forms differed, unifying data was required. To overcome 
differences, the same types of work were taken from the bill 
of quantities and cost estimates. 

The next stage represents determining input variable 
models. The criteria for choosing input variables was their 
impact on the cost of the integral road bridge construction. 
Research has established that the Pareto distribution 
governs the behavior of reinforcing and concrete works, 
indicating their significant and costly nature. Based on this, 
we selected bridge design characteristics such as bridge 
length, bridge width, bridge pier height, and bridge span to 
directly influence cost. In addition to these, as the input 
variables of the model, the building technology and 
foundation method were taken, since it is known that they 
greatly influence the formation of the construction price. 
Table 1 shows the input variables of the model with their 
minimum, maximum, and mean values. The bridges' lengths 
range from 11.5 to 784.4 m. The bridges are 6.5 to 30.55 m 
wide. The variable “pier height” represents the mean value 
of all the piers, and the bridge span implies the mean value 
of all spans. For the input variable “Construction technology” 
the following values are assigned: 0.25, 0.5, 0.75, and 1, 
depending on the pier height. The input variable 
"Foundation" has been assigned values 0, 1, and 2 
depending on the founding methods, which are: 0 in the case 
of shallow foundation, 1 in the case of deep foundation, and 
2 in the case of combined foundation. 
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Table 1. Input data[11,16] 

No input data Input data description Data type 
Measurement 

unit 
Min  Max     Mean value 

Input 1 Bridge length numerical m 11.5 784.4  153.25 

Input 2 Bridge width numerical m 6.5 30.55  11.52 

Input 3 Pier height numerical m 2.8 35.9  13.65 

Input 4 Bridge span numerical m 11.3 44.5  24.07 

Input 5 ConstructionTechnology discrete - 0 1  - 

Input 6 Foundation discrete - 0 2  - 

 
.

In addition to defining input variables, it was necessary to 
determine output variable models. Since the research aimed 
to define the impact of pier height on the price of the 
construction of integral road bridges, it is necessary to 
predict the cost of construction. Based on that, it has been 
determined that the output variable is the construction cost 
of integral road bridges  (Table 2). 

All the data were then divided into training and test sets. 
Apart from recommendations from the literature [17], we 
determine the number of data sets for each of these two sets 
based on the unique nature of the problem we are solving. In 
defining this model, the percentage ratio of data belonging to 
the training set to the test set was determined to be 70% to 
30%. We selected data for the training and test sets in two 
ways: directly and through cross-validation procedures. 
Cross-validation procedures randomly selected the data. 
It is necessary to prepare the data for entry into the software 
after dividing the data into two sets. Data preparation 
represents their transformation into quantities that are within 
a certain range. The literature [18] provides several methods 
for data transformation.  The data transformation methods 
used in this study are Standard Scalar (Z-score 
normalisation) and Min-max normalisation.  

Determining the network architecture means determining 
the number of layers and the number of neurons in each 
layer. Only one hidden number is enough to solve almost all 
the problems [19]. Several criteria exist for determining the 
number of neurons [19]. 

• The number of hidden neurons should be in the range 
between the size of the output layer and the size of the input 
layer ni<nh< no   (1) 

• The number of hidden neurons should be equal to the 
sum of 2/3 of the size of the input layer and the size of the 
output layer nh=2/3 * ni + no   (2) 

•  The number of hidden neurons should be smaller 
than the double size of the input layer nh< 2 * ni(3) 
where ni represents the number of neurons in the input layer, 
nois the number of neurons in the output layer, and nhis the 
number of neurons in the hidden layer. 

After determining the network architecture, the next step 
involves identifying a model with good generalization, i.e., a 
model that produces sufficiently precise results based on 
unknown data. The model has a good possibility of 
generalisation when the predicted deviations from the 
expected results are small. 

During the training of the model, its accuracy of prediction 
is constantly checked, i.e., model performance is measured. 
The performance of the models in this study was measured 
via MAE (Mean Absolute Error). 

The Python 3.7.6 software package formed the 
prognostic model. We created a Multi-LayerPerceptrone 
MLP (Multi-LayerPerceptrone) to define the model. 

Activation functions that are used for defining models are: 
for hidden neurons – the Rectified linear unit function (ReLu), 
hyperbolic tangent (tanh), and Swish, and for output 
neurons, the identity function was used (Table 3). 

After selecting a model with the best performance, the 
final model is trained and recorded, and based on that, the 
prognostic model is defined for estimating the construction 
price of integral road bridges. 

 

 
Table 2: Output variable of the model [11] 

No of output 
data 

Output data 
description 

Data type 
Measurement 

unit 
Min 

Max 
 

 Mean value 

Output 1 

      

Construction cost numerical €/m² 409.63 1752.36 915.97 
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Table 3. Activation functions of a multilayer perceptron model of an artificial neural network [18] 

Function Mark Explanation Range 

Identity 

 
  

 

Only in the output layer (−∞, +∞) 

   

Rectified Linear units 
 

𝑚𝑎𝑥(0, 𝑥) 

The activation of neurons is transmitted directly as an 
output if it is positive, and if it is negative, 0 is 

transmitted. It has been proven to have six times better 
convergence compared to the hyperbolic tangent 

function. 

(0, +∞) 

 
 

 

Hyperbolic tangent 

   
   

2

(1 + 𝑒−2𝑥)
− 1 

Activation of neurons is transmitted directly as an output 
if it is positive and if it is negative 0 is transmitted. 

(−1,1) 

   

Swish 

   

𝑥 ∗ 𝑠𝑖𝑔𝑚𝑜𝑖𝑑(𝑥) 
A function that is nonlinearly interpolated between a 

linear and a ReLu function 
(0, 𝑥) 

 
 
3  Results and Discussion 

Models of artificial neural networks are defined, taking 
into account all the necessary parameters. We adopted the 
network architecture based on the above recommendations. 
All neural networks have one input, one hidden, and one 
output layer. In the input layer of the network, they have six 
input variables, i.e., six neurons, and one output variable in 
the output layer, i.e., one neuron. Based on expressions (1), 

(2), and (3), the hidden layer adopted a maximum number of 
hidden neurons of five (Table 4). 

The training results and characteristics of the artificial 
neural network models that showed the best performance 
are given in Tables 5 and 6. 

For random choice of data, Cross-validation methods are 
used (kFold-CrossValidation and LeaveOneOut-
CrossValidation - LOOCV). The values of model 
performance measures that gave the best results, as well as 
their characteristics are given in Tables 7 and 8.  

 
Table 4. Artificial neural network architecture 

Description Number 

Number of hidden layers 

 
 
1 

Number of neurons in the input layer 6 

Number of neurons in the output layer 1 

Max number of neurons in a hidden layer 5 

  
 

Table 5. Artificial neural network models for construction cost estimation (StandardScalar) 

Model name 
Model  

characteristics 
Activation function of 

hidden layers 
Activation function of 

output layer 

 MAETraining 
set 
[%] 

MAE Test  
set      
[%] 

NN1 MLP 6-3-1 ReLu Identity 0.0922 0.0752 

NN6 MLP 6-5-1 Tanh Identity 0.0547 0.0855 

NN7 MLP 6-3-1 Swish Identity 0.0866 0.0677 
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Table 6. Artificial neural network models for construction cost estimation (Min-Max normalization) 

Model name 

 
Model  

characteristics 

Activation function of 
hidden layers 

 
Activation function of 

the output layer 

 MAETraining 
set 
[%] 

MAE Test  
set      
[%] 

NN12 MLP 6-5-1 ReLu Identity 0.0873 0.0920 

NN13 MLP 6-3-1 Tanh Identity 0.0993 0.0963 

NN18 MLP 6-5-1 Swish Identity 0.0940 0.0865 

 
 

Table 7. Artificial neural network models with random data selection for construction cost estimation                                        
(kFold-CrossValidation, k=10) 

Model name 

 
Data scaling 
procedure 

 
Model  

characteristics 

Activation function of 
hidden layers 

 
Activation function of 

the output layer 

MAE Test  
set      
[%] 

NN21 StandardScalar MLP 6-5-1 ReLu Identity 3.84 

 
 

Table 8. Artificial neural network models with random data selection for construction cost estimation (LOOCV) 

Model name 

 
Data scaling 
procedure 

 
Model  

characteristics 

Activation function of 
hidden layers 

 
Activation function of 

the output layer 

 MAE-
Training set 

[%] 

MAE Test  
set      
[%] 

NN23 Min-Max MLP 6-4-1 ReLu Identity 0.0839 0.0932 

 
 

We selected the model with the highest accuracy and the 
best prediction performance after a comparative analysis of 
all results. This is the NN7 model. In this model, the data 
were transformed by the StandardScaler method. The 
number of hidden neurons is three. Figure 3 displays the 
neural network architecture. The activation function is called 
Swish. The prediction expressed through MAE has an 
accuracy of 0.0677. 

The model with the highest accuracy was chosen to form 
the final model for estimating the cost of building integral 
road bridges, and based on it, prognostic models were 
defined. 

Based on the finally developed prognostic model, the 
impact of the pier height on the integral road bridge 
construction price has been analysed (Figure 4). 

The diagram shows that the variable "Pier height" 
accounts for about one fifth of the total construction price, 
or, in other words, about 20%. 

From the diagram of the change in the price of 
construction depending on the height of the bridge piers 
(Figure 5), it is clear that the price of construction increases 
to a certain value of the pier's height. As the pier height 
increases, the construction costs do not significantly 
change.  

 
Figure 3. Artificial neural network architecture with the best performance 
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Figure 4. Impact of the input variable “Pier height” to the cost of integral road bridges construction 
 

 

 
Figure 5. Change in the construction price depending on the pier height 

 
 
4  Conclusions 

The research results show that the model with the best 
performance is a model of an architecture of three layers: 
one input, one hidden, and one output layer. There are six 
neurons in the input layer, three neurons in the hidden layer, 
and one neuron in the output layer. The Swish function is the 
activation function of the hidden layer of neurons. The output 
layer has an activation function called Identity, i.e., a linear 
function. The mean absolute error (MAE) measured the 
prediction accuracy, and in the model with the best accuracy, 
it was 0.0677. 

The prognostic model was defined based on the model 
that presented the best results in forecasting. Upon 
analysing the results and behaviour of a prognostic model, 
we observed that pier height accounts for 19.2% of the total 
sum. Furthermore, forecasts obtained in a specific case from 

the prognostic model indicate that the price of bridge 
construction has a growing trend until a certain pier height, 
and after that, the cost per meter square is slightly 
increasing. 

The height of piers influences the choice of construction 
methods and technology. The piers can be cast in concrete 
in situ (depending on which types of piers they belong to, 
abutments or medium ones), or they could be made by using 
fixed, immovable, or sliding formwork. It is possible to 
incorporate the stated technologies for pier construction into 
the prognostic model, appropriately, and show the impact of 
the piers' height on the construction price. The results 
obtained in this way could be used to conduct a comparative 
analysis with the results of the model presented in this paper, 
thus determining the impact of the pier height on the price of 
bridge construction with even greater accuracy. 
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In reference list: References marked with a number in square brackets are sorted by numbers in the list. 
 
Examples 
 
Reference to a journal publication: 
 
[1] V.W.Y. Tam, M. Soomro, A.C.J. Evangelista, A review of recycled aggregate in concrete applications (2000-2017), Constr. 
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[4] J.R. Jimenez, Recycled aggregates (RAs) for roads, in: F Pacheco-Torgal, V.W.Y. Tam, J.A. Labrincha, 
Y. Ding, J. de Brito (Eds.), Handbook of recycled concrete and demolition waste, Woodhead Publishing Limited, Cambridge, 
UK, 2013, pp. 351–377. 
 
Reference to a website: 
 
[5] WBCSD, The Cement Sustainability Initiative, World. Bus. Counc. Sustain. Dev.  
http://www.wbcsdcement.org.pdf/CSIRecyclingConcrete-FullReport.pdf, 2017 (accessed 7 July 2016). 
 
SUPPLEMENTARY MATERIAL 
 
Supplementary material such as databases, detailed calculations and the like can be published separately to reduce the 
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PEER REVIEW 
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