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Introduction

Pavements are a crucial component of transportation infrastructure, enabling 
the efficient and safe movement of people and goods (Mezhoud, Clastres, Houari  
& Belachia, 2018). However, the conventional construction and maintenance of pave-
ments typically require significant amounts of virgin materials, leading to the depletion 
of natural resources (Li, Xiao, Zhang & Amirkhanian, 2019). In recent years, there has 
been a growing need to find efficient and sustainable ways to recycle and reuse waste 
materials in pavement construction to reduce the environmental impact of these activ-
ities (Plati, 2019). The incorporation of recycled materials in pavement construction is 
gaining attention as a potential solution. Such sustainable pavement practices can help 
promote resource conservation and reduce the carbon footprint of the transportation 
infrastructure (Correia, Winter & Puppala, 2016). Several recycled materials have been 
explored for their use in pavement construction, including reclaimed asphalt pavement 
and recycled concrete aggregate, which have shown promising results in terms of both 
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mechanical performance and environmental benefits (Siddika et al., 2019). In addition, 
various other recycled materials such as fly ash, bottom ash, recycled asphalt shingles, 
lignin, waste plastic, crushed brick, recycled glass, glass powder, glass fibers and crumb 
rubber have also been examined as replacements for conventional pavement materi-
als (Mezhoud, Houari & Boubaker, 2017; Orouji, Zahrai & Najaf, 2021; Medaoud, 
Mokrani, Mezhoud & Ziane, 2022; Orouji & Najaf, 2023). While much of the research 
on recycled materials in pavement construction has focused on asphalt layers, the base 
and subbase layers have greater potential to incorporate sustainable materials due to 
their greater thickness (Mohanty, Mohapatra & Nayak, 2022). The use of waste tires 
in pavement construction has received significant attention in recent years due to its 
potential to mitigate environmental pollution and promote sustainability. The utiliza-
tion of waste tires in bituminous layers of pavement has been extensively investigated. 
Zhang, Li, Ding and Li (2019) studied the use of crumb rubber in asphalt pavements 
and found that it enhanced the rutting resistance and reduced cracking. Similarly, Lu, 
Qing, Xin, Alamri and Alharthai (2021) investigated the use of crumb rubber in open-
graded friction course (OGFC) pavements and reported improved skid resistance and 
durability. In addition to bituminous layers, waste tires have also been explored as an 
additive in base layers. Pham, Zhuge, Turatsinze, Toumi and Siddique (2019) inves-
tigated the use of waste tire rubber as an additive in cement-stabilized aggregate and 
found that it improved the mechanical properties and reduced water absorption. More-
over, studies have shown that using waste tire-derived aggregate in the base layer can 
reduce the overall cost of pavement construction while improving its durability (Sabe-
rian, Perera, Zhou, Roychand & Ren, 2021). Despite the promising results reported in 
the literature, there are still some challenges and limitations associated with the use of 
waste tires and plastic in pavement construction. One of the major concerns is the lack 
of standardization in the manufacturing and characterization of waste tire materials. 
Another challenge is the limited knowledge of the long-term performance and environ-
mental impact of these materials. Therefore, further research is needed to address these 
challenges and optimize the use of waste tires and plastic in pavement construction. 
For this reason, this study aims to investigate the potential of incorporating waste tire 
aggregates in cement-treated base layers for pavement construction. The purpose is 
to comprehensively evaluate the physical and mechanical properties of CTB mixtures 
containing crushed waste tires, with a focus on their deformation capability, compres-
sive strength, tensile strength, modulus of elasticity, and shrinkage behavior. Through 
this investigation we aim to provide valuable insights into the feasibility and benefits 
of utilizing waste tire aggregates in cement-treated base layers, thereby supporting the 
advancement of environmentally conscious and economically viable pavement con-
struction practices.
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Methodology

To achieve the objectives, the methodology was structured into the following 
steps: (1) Material selection and characterization: The initial step involved selecting 
natural aggregates, including crushed sand and gravel, along with recycled rubber 
derived from non-reusable tires. Subsequently, a thorough characterization of these 
materials was conducted to assess their mechanical strength, density, and elasticity, 
and chemical composition. (2) Mix design and preparation: This phase encompassed 
the meticulous preparation of cement-treated base (CTB) mixtures under controlled 
conditions. (3) Compaction and Proctor tests: Proctor compaction tests should be 
executed; the objective is to ascertain the optimal water content and maximum dry 
density of the CTB mixtures. (4) Mechanical testing: A series of mechanical tests 
were conducted to evaluate the performance of the CTB mixtures. Compressive 
strength tests were performed on cubic specimens (10 × 10 × 10 cm³) at varying 
ages (7 and 28 days). Indirect tensile strength tests were carried out on prismatic 
specimens (7 × 7 × 28 cm³) at specified time intervals. Furthermore, the modulus 
of elasticity was evaluated using cylindrical specimens (10 × 20 cm³) after 28 days. 
(5) Shrinkage analysis: shrinkage behavior was assessed through measurements 
on prismatic specimens (7 × 7 × 28 cm³) utilizing a refractometer and digital com-
parator. Concurrently, the strain was monitored, and correlations were established. 
(6) Data analysis and interpretation: In the final step, a thorough analysis of test 
results was undertaken to elucidate the impact of rubber aggregates on mechanical 
properties and deformations of the CTB mixtures.

Experimental Procedure

Materials

CPJ-CEMII-42.5A cement was used as 
the binder in the study. This binder is com-
posed of finely ground clinker and addi-
tives, with the main addition of pozzolana. 
The cement has a density of 3,030 kg·m–3 
and an average 28-day compressive 
strength of 45.1 MPa. Table 1 shows the 
chemical composition of the cement used.

TABLE 1. Chemical compositions of cement

Chemical compositions
[%]

Elements
[%]

C3S 55–65 clinker ≥ 74

C2S 10–25 gypse 4–6

C3A 8–12 calcaire 0

C4AF 9–13 pozzolana ≤ 20

Source: own work.
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Two types of aggregates were used in this study: natural aggregates and recycled 
aggregates. The natural aggregates were sourced from the Mila region in the North 
of Algeria and consisted of crushed sand (0/3) and crushed gravels (3/8, 8/15, and 
15/20 mm) with a measured density of about 2,700 kg·m–1. The rock is of limestone 
origin, and the characteristics complies with the normative specifications for use 
as a road subbase material. In this study, one type of recycled aggregate was used, 
recycled rubber from non-reusable tires (Table 2), which contained textile fibers. 
These aggregates come in three forms (0/2 sand, 2/4 gravel, and powder with size 
less than 500 μm). The rubber granulates have a density of 1.12. They were used in 
their raw state and were supplied by local recycling factory. 

TABLE 2. Details of granular fractions of natural and recycled aggregates

Type
Origin/Size

natural 0/3 sand natural 3/20 coarse

Natural  
aggregates

powder 0/2 sand 2/4 rubber gravel

Recycled  
crushed  
rubber 

Source: own work.

TABLE 3. Physical characteristics of natural aggregates – type according to NF EN 13242+A1 (As-
sociation française de Normalization [AFNOR], 2008)

Parameter Description/Value
Natural aggregates

Mechanical strength of aggregates D
Manufacturing characteristics III
Manufacturing characteristics B
Angularity of aggregates and sands Ic > 30

Rubber aggregates
Tensile strength [MPa] 11.8
Breaking strength [kg·mm–2] 3.1
Elasticity [%] 42
Density [kg·dm–3] 3 043
UV radiation resistance excellent
Water permeability 0

Source: own work.
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CTB samples and testing procedure

Samples of the cement-treated base (CTB) were studied and formulated accord-
ing to the NF EN 14227-1 standard (AFNOR, 2005). The grain size of the reconsti-
tuted mixture must comply with the specification range. To form the median curve, 
each fraction must have a well-determined weight. Once the control mixture was 
reconstituted, a granulometric analysis was carried out to confirm the calculation 
and then to verify that the curve of the analysis fits into the specification range of the 
NF EN 13285 standard (AFNOR, 2018; Fig. 1).
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FIGURE 1. Size distribution of natural aggregates according to NF EN 14227 standard (AFNOR, 2005)
Source: own work.

For the experimental plan, three gravels were reconstituted from tire waste 
(Table 4). The first artificial gravel is reconstituted with 100% tire waste, meaning 
that three artificial fractions (0/2 and 2/4) are introduced into the calculation of the 
control normative mixture mass. The replacement concerns the 0/2 and 2/4 frac-
tions of natural aggregates, and the other fractions remain unchanged. In the other 
reconstituted gravels, only the concerned fraction is replaced: 0/2 only and 2/4 only. 
However, the mass inclusion percentage is 25% and then 50% of the concerned 
mass. Because suitability tests showed that 100% inclusion gives very low results, 
the specimens break during demolding.

Furthermore, to valorize the powder of tire waste, other gravels were reconsti-
tuted, but this time this artificial ingredient was incorporated as an addition at 10%, 
15%, and 20% compared to the dry weight of the normative mixture of Table 4. 
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The CTB mixtures were manufactured in a laboratory environment at 20°C and 50% 
relative humidity using a mixer of 150 l capacity. The mixed materials were placed in 
molds fixed on the vibrating table, vibrated for 1 min after each layer. After 24 h, the 
specimens were removed and kept in water at 20°C until the testing age. Tests were 
performed on the CTB mixes in both fresh and hardened states. Fresh concrete tests 
included modified Proctor compaction tests. The compaction was carried out with 
a 4.5 kg hammer dropped from a height of 450 mm into a mold with a diameter of 
102 mm and a height of 127 mm. Hardened CTB experiments included compressive 
strength, tensile strength, and modulus of elasticity. Compressive strength tests 
were conducted on cubic specimens of 10 × 10 × 10 cm³ at the age of 7 and 28 days 
according to EN 196-1 standard (European Committee for Standardization [CEN], 
2016). Indirect tensile strength tests were performed on cylindric specimens of 
10–20 cm at the age of 7 and 28 days according to EN 196-1 standard. The modulus 
of elasticity was tested at the age of 28 days.

Results and discussion

Compaction test results

The Proctor compaction test was carried out according to the NF EN 13286-2 
standard (AFNOR 2010) to determine the optimal water content and maximum dry 
density. The results are reported in Figure 2. The Proctor test results show very close 

TABLE 4. Mixes design

Abbreviation
Natural aggregate content (0/20)

[%]

Rubber aggregates
content

[%]

Rubber 
powder 
content

[%]
0/2 2/4 4/15 15/20 0/2 2/4 ×

CTB-CTRL × × × × × × ×
CTB-RUS-100 0 × × × 100 × ×
CTB-RUS-50 50 × × × 50 × ×
CTB-RUS-25 75 × × × 25 × ×
CTB-RUG-50 × 50 × × × 50 ×
CTB-RUG-25 × 75 × × × 25 ×
CTB-RUP-10 × × × × × × 10
CTB-RUP-15 × × × × × × 15
CTB-RUP-20 × × × × × × 20

Source: own work.
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results between mixtures containing rubber and CTB-CTRL. The small observed 
variability of the maximum dry densities of the different mixtures is directly linked 
to the percentage of insertion. 
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FIGURE 2. Compaction test results
Source: own work.

This observation underscores the inherent advantage of rubber-based aggregates, 
which have been reported to manifest lower water absorption rates compared to con-
ventional natural aggregates (Prasad, Ravichandran, Annadurai & Rajkumar, 2014).

Compressive test results

Figure 3 shows the variations in compressive strength obtained at 7 and 
28 days with respect to the percentage of rubber. For all mixes, they follow the 
same trend regarding the increase of the percentage of cement. Gradual decrease 
in compressive strength was noticed as the percentage of rubber increased. The 
reduction in compressive strength of the mix with 100% of rubber or the case of 
inclusion of rubber as sand 0/2 were more than the case of inclusion of rubber as 
gravel 2/4. The results are 50% than the value of the control mix. However, the 
case of inclusion as gravel or addition of 10% of rubber powder shows appre-
ciable results compared to the control mix. At 7 days, the maximum compressive 
strength (7 MPa) was obtained for the control mix with 0% rubber and the value 
6.18 MPa for the mix with 25% rubber as gravel. Same trend was observed for 
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the compressive strength at 28 days, a strength above 11 MPa was obtained in 
the case of mixes containing 25% of rubber and appreciable strength for mixes 
containing rubber powder at 10%. 
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FIGURE 3. Compressive strength at 7 and 28 days for several rate of cement
Source: own work.

The loss in mechanical properties of rubberized concrete was supported by the 
results obtained by various researchers (Sofi, 2018). The reason for the decrease in 
compressive and flexural strength of the rubberized concrete is that the aggregate 
would be surrounded by the cement paste containing rubber particles. This cement 
paste would be much softer than that without rubber (Ganjian, Khorami & Magh-
soudi, 2009). 
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Indirect tensile test results

Figure 4 presents the test and results of the indirect tensile strength at the labora-
tory. It can be observed that the mixture including 100% rubber did not yield any 
results as the specimens break even under minimal stress. The added cement content 
(8.5%) was unable to achieve the desired bond. It was observed for all mixes that 
the addition of cement increases the tensile strength. In addition, the results show 
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Source: own work.
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that the tensile strengths decrease with the increase of the rubber content, however, 
the results are acceptable compared to those of the control mixture in case of adding 
the rubber as gravel. The decrease was 18% in case of adding gravel with 25% and 
cement rate of 8.50%. The results even surpassed the control mix when using rubber 
powder additions between 10% and 15%. These results are in conformity with Alam, 
Mahmood and Khattak (2015).

It was initially hypothesized that the presence of tire rubber, acting as a soft mate-
rial, would enhance the tensile strength of the concrete and serve as a barrier against 
crack growth. For this reason, these results confirm this hypothesis and demonstrate 
that the incorporation of artificial aggregates, whether through substitution or addi-
tion, improves the tensile strengths. Thus, it provides further support for the use of 
these materials in road construction. In summary, although the inclusion of rubber 
in the concrete was expected to enhance tensile strength, the results demonstrated a 
reduction in tensile strength. This outcome can be attributed to the weak bonding at 
the interface between rubber and cement, leading to a micro-crack zone and surface 
segregation between these two materials.

Modulus of elasticity

Figure 5 presents the test and results of elastic modulus at laboratory. The result 
concerns the mixtures when the binder percentage is 6.5%. 

6 
36

9

2 
53

4

7 
55

6

2 
29

2 3 
05

7

9 
36

5

8 
75

6

1 
35

0

C T B - C T R L C T B - R U S - 5 0 C T B - R U S - 2 5 C T B - R U G - 5 0 C T B - R U G - 2 5 C T B - R U P - 1 0 C T B - R U P - 1 5 C T B - R U P - 2 0

m
od

ul
us

 o
f e

la
st

ic
ity

 [M
Pa

]

mixtures

FIGURE 5. Modulus of elasticity at 28 days for cement rate of 6.5%
Source: own work.



315

Mezhoud, S., Badache, H. (2023). Evaluation of physical and mechanical properties of cement- 
-treated base incorporating crushed waste tires. Sci. Rev. Eng. Env. Sci., 32 (4), 305–319. 
DOI 10.22630/srees.4942

It can be observed that increasing the amount of rubber tires in CTB leads 
to a decrease in the modulus of elasticity. However, in the case of a mixture 
containing 25% tire rubber sand, a performance superior to that of the control 
CTB by approximately 20% is exhibited. This observation is evident when tire 
rubber is added as powder at levels of 10% to 15%, where the results surpass the 
control CTB by about 47%. This trend is reported by Mohajerani et al. (2020). 
In addition, when tire rubber is introduced as coarse aggregates, the modulus of 
elasticity yields lower results. This can be attributed to the fact that the char-
acteristics of coarse aggregates significantly impact the modulus of elasticity. 
Since concrete can be regarded as a composite material comprising various 
phases, including coarse or fine aggregates and cement, in which the modulus 
of elasticity and volumetric ratio in concrete are influenced by the nature of the 
aggregates. Therefore, if the aggregates have a higher modulus of elasticity than 
the cement paste, increasing the elastic modulus of aggregates in the concrete 
mixture will consequently elevate the overall concrete’s modulus of elasticity. 
In simpler terms, the resulting concrete’s modulus of elasticity increases when 
aggregates with higher elastic moduli are employed, particularly when the aggre-
gate volume in the mixture is augmented.

Shrinkage measurement 

Shrinkage property, one of durability parameters of CTB, significantly affects 
their application, especially in mass road structure construction. So far, plenty of 
investigations have been conducted particularly on the free shrinkage properties 
of CTB, as a key indicator of the shrinkage phenomena. The results are depicted 
in Figure 6. The outcomes indicated that the CTB mixtures underwent notable 
volume fluctuations during the curing of the binder due to water evaporation from 
capillaries and pores. Across all specimens, the following observations were noted: 
shrinkage remained below 2%; the control mixture exhibited minimal shrinkage, 
while mixtures incorporating rubber waste displayed higher shrinkage values. This 
can be attributed to the additional water content required for achieving optimum 
compaction during the compaction test and the water absorption capacity of rubber 
aggregates when compared to natural ones. 

However, mixtures incorporating rubber as powder with the percentage of 
10% or as sand demonstrated acceptable shrinkage in comparison to the con-
trol mixtures. CTB containing rubber gravel exhibit a shrinkage higher about 
100% than mixtures containing rubber sand. This observation can be explained 
by the presence of fine rubber particles in the rubberized concrete, which helped  
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maintain the cohesion of constituent particles, preventing crack formation and 
material separation. Globally, for all specimens, starting from the 15th day 
onwards, shrinkage became stable. 

Conclusions

The following conclusions from this experiment:
1. 	The compaction test results showed that the mixtures made from waste tires had 

similar dry densities and water contents to those of the control aggregates, sup-
porting their use in road construction. 

2. 	The compressive strength decreased gradually as the percentage of rubber 
increased. The substitution of 25% of rubber gravel or the addition of 10% of 
rubber powder gives acceptable compressive strength. In the tensile strength 
test, the mixture with 100% rubber did not yield any results, while significant 
improvement was observed in the tensile strengths of mixtures containing rub-
ber, surpassing even those of the control mixture, especially the case of addi-
tion of 10% rubber powder. The addition of cement further increased the ten-
sile strength of all mixtures. The modulus of elasticity decreased when rubber 
particles were used as replacements for aggregates in hydraulic binder-treated 
mixtures, while it surpassed the control mix in the case of the addition of 10% 
to 15% of rubber powder.

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

0 5 10 15 20 25 30

St
ra

in
 [%

]

Time [day]

CTB-CTRL CTB-RUG-50 CTB-RUG-25 CTB-RU5-50

CTB-RUS-25 CTB-RUP-20 CTB-RUP-10

FIGURE 6. Shrinkage measurement results
Source: own work.
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3. 	Shrinkage measurements indicated that the mixtures incorporating rubber waste 
exhibited higher shrinkage values compared to the control mixture. Incorporating 
rubber as 10% addition of rubber powder exhibits acceptable shrinkage compared 
to natural aggregates.
Overall, the results indicate that the addition of 10% of rubber powder exhibits 

the best performance compared to the natural aggregates. 
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Summary

Evaluation of physical and mechanical properties of cement-treated base incorpo-
rating crushed waste tires. Pavements play a pivotal role in facilitating safe and efficient 
transportation. However, conventional pavement construction consumes substantial virgin 
resources, necessitating a shift towards sustainable alternatives. This study explores the inte-
gration of crushed waste tires as partial replacements for sand and gravel in cement-treated 
base (CTB) layers, aiming to enhance pavement sustainability. The CTB mixtures were 
meticulously formulated and tested for their physical and mechanical properties. Results 
revealed that while the presence of waste tire aggregates affected the fresh-state rheology, 
the cured-state performance remained satisfactory, often exceeding normative requirements. 
Notably, the addition of 10% rubber powder enhanced the mechanical performance of the 
CTB mixtures and overall exhibited acceptable shrinkage values. The findings offer insights 
into designing resilient and sustainable pavement systems by using crushed waste tires, 
aligning with modern infrastructure demands.
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Introduction
Concrete is a material commonly used for construction, consisting of a mix-

ture of aggregates, water, and cement. This material exhibits suitability for a wide 
range of structural applications, including but not limited to buildings, bridges, 
roads, and dams. The utilization of concrete in construction is highly preferred due 
to its remarkable compressive strength and durability. Concrete exhibits a very 
low tensile strength, which is a fundamental behavior that makes it vulnerable 
to cracking when subjected to tensile stresses. This limitation often necessitates 
using reinforcements to improve the tensile performance of concrete structures 
and maintain their structural integrity under service loads. Improving the tensile 
strength of the concrete matrix can effectively mitigate the probability of struc-
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tural elements developing cracks. The concept prevents corrosion by insulating 
reinforcement steel from moisture and the atmosphere. Several techniques have 
been investigated to improve the tensile strength of concrete. According to the 
established design standards such as Eurocode 2 (European Union [EU], 2004) 
and ACI 318-14 (American Concrete Institute [ACI], 2014), the tensile strength 
of concrete depends on a variety of factors, including the concrete grade, curing 
conditions, age of concrete, and structural member dimensions. The utilization 
of fiber reinforcements is an interesting approach for its capability to improve 
the tensile strength of concrete and enhance its overall toughness and durability 
(Banthia & Sappakittipakorn, 2007).

The utilization of fiber reinforcements in concrete requires a careful selec-
tion of the fiber type, which includes steel, glass, polypropylene, or natural, each 
offering particular characteristics and limitations, which the specific demands of 
the concrete framework should guide (Bentur & Mindess, 2007). Incorporating 
steel fibers into concrete has increased its tensile strength and toughness substan-
tially. However, it should be noted that steel fibers are susceptible to corrosion 
when exposed to harsh environmental conditions (ACI, 2002b; Nanni, 2003). 
Glass fibers, on the other hand, improve tensile and flexural strength but require 
alkali-resistant treatments to stop degradation in the high pH environment of con-
crete (Lau & Anson, 2006; Provis, Palomo & Shi, 2015). Polypropylene (PP) 
fibers, although having a lower tensile strength than steel or glass, provide out-
standing impact resistance and shrinkage control and show impressive resistance 
to corrosion and chemical stability (ACI, 2002b; Banthia & Sappakittipakorn, 
2007; Bentur & Mindess, 2007). Natural fibers, such as sisal, jute, and coir, con-
tribute a certain degree of tensile strength enhancement and crack resistance to 
a material. However, they require particular treatments to improve their durability 
in wet environments (Sudin & Swamy, 2006).

Research investigations examining the influence of fiber content on the charac-
teristics of concrete have produced a range of interesting findings throughout the 
years. In a study by Choi and Yuan (2005), the researchers investigated the effects 
of incorporating glass and PP fibers into concrete. Their findings contradicted the 
anticipated relationship between fiber content and strength, suggesting that an increase 
in strength corresponds to a higher fiber volume of less than 1% (Choi & Yuan, 2005). 
Similarly, Hasan, Afroz and Mahmud (2011) conducted an experiment investigating 
various volume ratios of PP fibers. They observed that the compressive strength 
of concrete reached its maximum value at a 0.51% volume ratio. Varghese and 
Fathima (2014) investigated the incorporation of crimped steel fibers, hooked- 
-end steel fibers, and PP fibers into their concrete compositions. A PP fiber volume 
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ratio of 0.5% was determined to yield the highest levels of compressive and flexural 
strength. Li, Niu, Wan, Liu and Jin (2017) conducted a subsequent study to exam-
ine a broader range of volume ratios between glass and PP fibers. The researchers 
determined that a 0.9% volume ratio marked the critical point at which both com-
pressive and flexural strength started to decline. Similarly, the study by Lee, Cho, 
Choi and Kim (2016) revealed a reduction in flexural strength as the volume of 
fibers surpassed 0.5%. In agreement with prior research, the recent study conducted 
by Al Enezi, Al-Arbeed, Alzuwayed, Al-Zufairi and Awad (2023) confirmed that 
a 0.65% fiber volume ratio is associated with the highest compressive strength.

This research focuses on the enhancement of the tensile performance of con-
crete by incorporating synthetic PP fibers at proportions of 0.5% and 1.0% by 
volume, compared to conventional non-fiber reinforced concrete. The concrete 
mix is specified to have a compressive strength of 40 MPa, and Type 3 portland 
cement – famous for its early strength qualities – is chosen as the composition’s 
binder. The research follows the ASTM C39/C39M standard (American Society 
for Testing and Materials [ASTM], 2003b) for evaluating the produced concrete 
compressive strength to guarantee consistency and reliability. The performance of 
the PP fiber-reinforced concrete is evaluated using standardized testing procedures 
according to the ASTM C1609C/1609M (ASTM, 2019). This test provides a com-
prehensive examination of the flexural behavior of PP fiber-reinforced concrete 
(PPFRC). Key performance indicators, such as the modulus of rupture, residual 
strengths, and toughness indices, are evaluated in detail. Following a thorough 
analysis of the impact of fiber content on essential performance parameters, 
it becomes evident that PP fiber reinforcement enhances the tensile strength and 
overall performance of the concrete.

Materials and concrete mixed design
The present investigation involved formulating a concrete mixture to attain 

a compressive strength of 40 MPa. According to the ACI 211.1-91 standard (ACI, 
2002), the proportion of superplasticizers was appropriately modified to achieve 
a slump value greater than 10 cm, thereby ensuring uniformity in the amounts of 
cement, gravel, and sand. The mix proportions for each variation of fiber content 
utilized in this study are presented in Table 1, providing a comprehensive overview. 
This research utilized a PP fiber with a remarkable tensile strength of 550  MPa. 
The fiber’s physical characteristics consisted of a diameter measuring 0.71 mm and 
a length of 48 mm. Table 2 provides an extensive description of the geometry and 
material properties of the PP fiber.
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TABLE 1. Mix proportion of concrete 

Synthetic 
macrofiber 
[kg·m–3]

Fiber volume 
fraction 

[%]

Cement 
[kg·m–3]

Coarse aggre-
gate

[kg·m–3]

Fine aggregate
[kg·m–3]

Water
[kg·m–3]

Superplasti-
cizer

[l·m–3]
0.0 0.0 415 1029 810 114 4.15

4.5 0.5 415 1029 810 114 4.25

9.0 1.0 415 1029 810 114 4.50

Source: own work.

TABLE 2. Geometric and material properties of polypropylene fiber

Type
Specific 
gravity

[-]

Equivalent 
diameter 

[mm]

Length
[mm]

Tensile 
strength
[MPa]

Modulus of 
elasticity

[GPa]

Melting point 
[°C]

Macrofiber 0.92 0.71 48 550 6.9 170

Source: own work.

Furthermore, Figure 1 provides a visual representation of the fiber, enabling 
a better understanding of its physical appearance.

Type 3 portland cement, also known as rapid hardening portland cement, was 
used for the experiment. This type of cement is characterized by a significant amount 
of C3S, which results in a significant exothermic reaction during the hydration pro-
cess. It also exhibits a higher degree of fineness than Type 1 portland cement. Conse-
quently, this cement type has gained widespread recognition for its exceptional early 
strength characteristics.

The process of choosing fine and 
coarse aggregates was conducted with 
careful attention to adherence to the 
ASTM C 33 standard (ASTM, 2003a). 
The specifications mentioned above 
were carefully selected to uphold exper-
imental consistency and precision. The 
natural fineness modulus of the fine 
aggregate was 2.60, and its specific 
gravity was 2.65. The coarse aggre-
gate, having a maximum particle size of 
20 mm, demonstrated a fineness modu-
lus of 3.4 and a specific gravity of 2.7.

The concrete mixture was improved 
by utilizing Type F superplasticizer, 

 
FIGURE 1. Configuration of the polypropylene fiber 
Source: own work.
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which is recognized as a high-range admixture that reduces water and increases 
slump. The superplasticizer was compatible with the standards outlined in ASTM 
C494/C494M standard (ASTM, 2013). Incorporating the substance resulted in sig-
nificant improvements in the concrete mixture slump, while the water and cement 
proportions remained constant. This led to improved workability and compatibility 
of the various components of the mixture.

To ensure uniform distribution, the mixing process started with dry sand, gravel, 
cement, and PP fiber mix. After that, water infused with the superplasticizer was 
added, and the mixing process was sustained until the targeted slump value was 
achieved. The ultimate concrete mixture was carefully deposited into steel molds 
with measurements of 150 × 150 × 150 mm for the compression examination and 
150 × 150 × 500 mm for the flexural examination.

Test methods and performance parameters
This research aims to investigate the influence of different fiber content (0.0%, 

0.5% and 1.0% by volume) on the compressive and flexural strengths of con-
crete. The experiments involved the results of compressive strength assessments 
on 15 × 15 × 15 cm³ cubic specimens, and a comparative analysis was carried out 
between the effects of fiber inclusion and ordinary concrete at the age of 1 day, 
7 days, and 28 days, according to the ASTM C39/C39M standard. Beam specimens 
with the dimensions of 15 × 15 × 50 cm³ were subjected to flexural strength tests at 
28 days following the ASTM C 1609/C1609M standard (ASTM, 2019).

The compression test employed cube-shaped concrete specimens with the dimen-
sions of 15 × 15 × 15 cm³. Using a universal testing machine, the loading rate was 
controlled with 0.15 MPa·s–1, according to the guidelines specified in ASTM C39/ 
/C39M standard (ASTM, 2003b). This experimental study involved the collection 
of three distinct sets of specimens. The first group comprised conventional con-
crete specimens, which functioned as the benchmark for comparative analysis. The 
other two groups consisted of corresponding concrete specimens containing 0.5% 
and 1.0% fiber content per unit volume. Each group consisted of three specimens. 
The concrete specimens were tested at different ages, specifically 1 day, 7 days, and 
28 days. Following the achievement of the tests, the highest amount of force applied 
during the compression process was recorded and subsequently used to calculate the 
compressive strength via the application of Equation 1.

, Pf
A

	 (1)

where: f – compressive strength [MPa], P – load [N], A – area [mm2].
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The flexural strength of concrete was investigated by conducting tests on spec-
imens with the dimensions of 15 × 15 × 50 cm when a concrete age of 28 days. 
The specimens were placed on a simple support, with the upper surface of the 
concrete facing sideways during the testing process, according to its position at 
the casting specimens. The support points were spaced at a distance of 45 cm from 
each other. The experiment was conducted following the ASTM C 1609C/1609M 
standard, utilizing a four-point loading method. The load was applied at a distance 
of one-third of the beam length from both ends, specifically at a point 15 cm away 
from the end. This generated a pure bending moment at the center region of the 
beam. The load application rate was controlled at 0.1 mm·min–1 and experienced 
until the specimen underwent deformation to a magnitude of 3 mm or L/150. The 
test specimens’ displacement was measured using two linear variable differential 
transducers (LVDTs) located at the applied force point on both sides of the beam, 
as depicted in Figure 2. 

 
FIGURE 2. Specimen test setup for the flexural test according to ASTM C 1609/1609M standard
Source: own work.

The maximum resistance can be used to determine the initial peak strength or the 
modulus of rupture using Equation 2.

2 , PLf
bd

	 (2)

where: f – strength [MPa], P – load [N], L – span length of beam [mm], b – width of 
beam [mm], d – depth of beam [mm].
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The residual strength at the deformation of L/600 and L/150 also employed Equa-
tion 2. The toughness value can also be determined by calculating the area under of 
load-deformation curve from the starting point to the deformation point equivalent 
to L/150.

Results and discussion

Compressive strength test

The compressive strength tests carried out according to the ASTM C39/C39M 
standard provided insights into the strength variations between plain concrete and 
PPFRC at distinct ages of 1 day, 7 days, and 28 days. The average compressive 
strength values for each of these concrete mixes are illustrated in Table 3 for 
a more straightforward comparison. The test results indicate a general trend of 
increasing compressive strength over the curing period for all mixes. The con-
crete with PP fiber 0.5% by volume consistently demonstrated the highest aver-
age compressive strength at all testing times, reaching 31.07 MPa, 41.51 MPa, 
and 46.68  MPa at 1 day, 7 days, and 28 days, respectively. This performance 
indicated an optimal fiber volume of 0.5% for maximizing compressive strength. 
Even though the concrete mixed with a higher fiber volume of 1.0% consistently 
exhibited lower average compressive strengths, these values became within the 
same range as those of plain concrete, demonstrating the fibers’ impact on the 
mix’s strength properties. The compressive strengths of concrete with PP fiber 
1.0% by volume were reported to be 28.48 MPa, 37.13 MPa, and 42.96 MPa at 
1 day, 7 days, and 28 days, respectively. These values were similar to the compres-
sive strengths of plain concrete, which were recorded as 29.05 MPa, 37.50 MPa, 
and 42.25 MPa at their respective time periods. Therefore, the optimal proportion 
of PP fiber for achieving maximum compressive strength in the concrete mixture 
is 0.5% by volume.

The relationship between different volume ratios of compressive strength in 
fiber-reinforced concrete and non-fiber-reinforced concrete with the various pro-
portions of PP fiber is depicted in Figure 3. This information was derived from 
previous studies (Choi & Yuan, 2005; Hasan et al., 2011; Varghese & Fathima, 
2014; Li et al., 2017; Al Enezi et al., 2023) that utilized type PP macrofibers, 
which was consistent with the approach employed in this current study. The 
incorporation of fibers in concrete at volume percentages ranging from 0.3–0.8% 
increased its compressive strength.
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TABLE 3. Compressive strength test result 

Fiber volume 
fractions

[%]

Compression strength
[MPa]

one-day old sample seven-day old sample 28-day old sample

0.0

29.36

avg 29.05

36.44

avg 37.50

40.54

avg 42.2527.48 37.30 42.67

30.30 38.75 43.53

0.5

31.92

avg 31.07

41.91

avg 41.51

46.43

avg 46.6830.13 41.48 45.66

31.15 41.14 47.97

1.0

28.08

avg 28.48

37.13

avg 37.13

42.67

avg 42.9628.59 36.70 43.10

28.76 37.55 43.10

Source: own work.

 
FIGURE 3. The relationship of the ratios of compressive strength in fiber-reinforced concrete and 
non-fiber-reinforced concrete with the proportion of polypropene fiber from previous studies 
Source: own work based on Choi and Yuan (2005), Hasan et al. (2011), Varghese and Fathima (2014), 
Li et al. (2017), Al Enezi et al. (2023).

Nevertheless, it can be observed that the compressive strength declines as the 
fiber-mix ratio increases, which agrees with the results obtained in the present inves-
tigation. Based on the observed pattern in the correlation between various volume 
ratios of compressive strength in fiber-reinforced concrete and non-fiber-reinforced 
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concrete, a mathematical expression in the form of a second-order polynomial equa-
tion, shown as Equation 3, was derived. 

2

0

 = 1,577.712 16.929 1.000.


  

c

c

f x x
f

	 (3)

In this experiment, when incorporating fiber mix volume percentages of 0.5% 
and 1.0% into the equation, the resulting compressive strengths were measured to be 
44.16 MPa and 42.74 MPa, respectively. In comparison to the empirical findings, it 
was observed that the mean compressive strength measurements for concrete speci-
mens incorporating fiber volumes of 0.5% and 1.0% are 46.68 MPa and 42.96 MPa, 
correspondingly, with the differing percentages of 5.71% and 0.52%, respectively.

Flexural strength test

Concrete beam specimens were tested following the ASTM C 1609C/1609M 
standard to determine the flexural strength of concrete. Figure 4 illustrates the 
relationship of force and deformation for plain concrete and concrete with PP fiber 
0.5% and 1.0% by volume. The maximum flexural strength of the three differ-
ent test components had been determined from the force-deformation relation-
ship as similar. The concrete with PP fiber 0.5% by volume has the maximum 
flexural strength, followed by the concrete with PP fiber 1.0% by volume and 
the plain concrete sample with the lowest flexural strength. The resulting pattern 
corresponds to the values of the compressive strength. The modulus of rupture or 
flexural strength can be determined using the formula for bending stress occur-
ring at the bottom surface of the test specimen cross section at the middle of the 
beam, as shown in Equation 2. Table 4 presents the calculated flexural strengths of 
each test specimen. Fiber-reinforced concrete specimens had first peak strengths 
greater than plain concrete specimens. The concrete with PP fiber 0.5% by vol-
ume has the highest value, with an average modulus of rupture of 4.40 MPa. The 
concrete mixed with PP fiber 1.0% by volume shows a lower modulus of rupture 
than PP fiber content 0.5% by volume, with an average of 4.27 MPa. The modulus 
of rupture of plain concrete is the lowest, averaging 3.98 MPa. Notably, the fiber 
volume in the concrete mix had no immediate effect on the modulus of rupture 
(Patel, Desai & Desai, 2012; Dopko, Najimi, Shafei & Wang, 2018). According to 
ACI 318M-11 standard (ACI, 2011), the relationship between the beam samples’ 
compressive strength and bending strength may be used to compute the modulus 
of rupture of concrete, as shown in Equation 4. The calculated modulus of rupture 
for plain concrete with a design compressive strength of 40 MPa is 3.92 MPa. Con-
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versely, it was found that the experimental findings were 3.98 MPa, demonstrating 
a strong correlation between the two values.

c0.62 .rf f 	 (4)

Regarding the behavior expressed after reaching the peak flexural strength, it 
can be observed that the plain concrete’s resistance experiences a rapid decline, ulti-
mately resulting in negligible residual strength, as depicted in Figure 4a. The con-
crete with PP fiber 0.5% by volume exhibits a residual strength of approximately 
7,500 N, as shown in Figure 4b, despite experiencing a rapid decline. Moreover, the 
specimen composed of concrete with PP fiber 1.0% by volume displays the greatest 
residual strength, approximately 10,000 N, as illustrated in Figure 4c. The strength 
reduction following the cracks’ development depends on the volume of fibers pres-
ent, whereby a greater fiber volume corresponds to a lower decrease in residual 
strength. As the deformation state increases, cracks expand while the resistance 
force remains relatively constant. The softening behavior of strength is observed in 
PPFRC after the development of cracks. The post-crack behavior of the test samples 
shows to be independent of the compressive strength.

According to the ASTM C 1609C/1609M standard, the residual strength of 
concrete, which is calculated after cracking, refers to the material’s capacity to 
endure stress and maintain its structural integrity after damage. The indicators 
above were compared to the first peak. Two critical values considered were fD600, 
which signifies the remaining strength after a deformation of L/600, and fD150, 
which represents the strength after a deformation of L/150. The data presented in 
Table 4 shows that the fD600 values for pain concrete and concrete with PP fiber 
0.5% and 1.0% by volume are 0.36 MPa, 1.04 MPa, and 1.61 MPa, respectively. 
When compared to the first peak strength of each type of concrete, these values 
represent 9.04%, 23.70%, and 37.73%, respectively. The results indicate an inter-
esting improvement in residual strength with PP fiber, as evidenced by the fD600 
values of concrete with PP fiber 0.5% and 1.0% by volume, which are 2.9 and 
4.5 times higher than those of pain concrete. The pain concrete exhibited a neg-
ligible fD150 value, demonstrating that it cannot sustain residual strength follow-
ing substantial deformation. In contrast, it had been observed that concrete with 
PP fiber 0.5% and 1.0% by volume demonstrates fD150 values of 0.74 MPa and 
1.16 MPa, respectively. Compared to the first peak strength, these performances 
accounted for 16.74% and 27.23%, respectively. Therefore, it can be inferred that 
an increase in the amount of fiber results in a proportional improvement of the 
residual strength of the concrete. This enhancement in strength is attributed to 
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the fibers, which bridge the cracks in the concrete, resulting in improved tensile 
strength and resistance to crack propagation due to the widespread distribution of 
fibers throughout the cross-section of the concrete.

a 

 

b 

 

c 

 
FIGURE 4. The load-deflection curves obtained from the flexural tests conducted on the specimens 
exhibit variations in fiber content: a – 0.0% by volume; b – 0.5% by volume; c –1.0% by volume
Source: own work.
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Toughness is noteworthy when analyzing the test results according to the 
ASTM C 1609C/1609M standard. It serves as an essential measure of performance 
for fiber post-cracking. The toughness principle relates to a material’s capacity 
to withstand crack propagation or absorb energy when subjected to flexural load. 
Consistent with the hypothesis proposed in this research, the addition of fibers into 
concrete has the potential to improve its tensile strength, which leads to a more duc-
tile behavior in the structures. The determination of toughness can be achieved by 
calculating the integral of the force-deformation curve from the initial point up to the 
point where the deflection reaches L/150. The experimental results indicated that the 
toughness measurements of pain concrete and concrete with PP fiber, 0.5% and 1.0% 
by volume, were 13.98 J, 28.19 J, and 36.63 J, respectively. The findings suggest that 
adding PP fiber in concrete at volume proportions of 0.5% and 1.0% results in a sig-
nificantly improved toughness, with values approximately twice and 2.6 times higher 
than those observed in pain concrete. Therefore, it can be inferred that an increase in 
fiber content leads to an increase in toughness, contributing to a more ductile struc-
ture. Consequently, this enhancement allows the concrete to withstand greater tensile 
forces, underscoring the value of fiber reinforcement in concrete mixtures.

TABLE 4. Flexural strength test results

Fiber volume fraction
[%]

Modulus of rupture
[MPa]

fD600
[MPa]

fD150
[MPa]

Toughnes
[J]

0.0

3.82

avg 3.98

0.05

avg 0.36

0.00

avg 0.00

12.10

avg 13.984.08 0.42 0.00 15.35

4.04 0.61 0.00 14.49

0.5

4.59

avg 4.40

1.28

avg 1.04

0.88

avg 0.74

32.55

avg 28.194.18 0.70 0.50 22.82

4.43 1.14 0.83 29.20

1.0

4.32

avg 4.27

1.49

avg 1.61

0.98

avg 1.16

33.68

avg 36.634.27 1.58 1.14 35.36

4.22 1.76 1.37 40.86

Source: own work.

Figure 5 illustrates the correlation between various volume ratios of the modu-
lus of rupture of fiber-reinforced concrete and the modulus of rupture of non-fiber- 
-reinforced concrete, as evidenced by previous studies (Varghese & Fathima, 2014; 
Li et al., 2017; Al Enezi et al., 2023). The addition of fibers to concrete in volume 
percentages ranging from 0.1–0.8% had been found to increase the modulus of rupture 
value, which agreed well with the obtained results.
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FIGURE 5. The relationship of the ratios of modulus of rupture in fiber-reinforced concrete and 
non-fiber-reinforced concrete with the proportion of polypropene fiber from previous studies 
Source: own work based on Varghese and Fathima (2014), Li et al. (2017), Al Enezi et al. (2023).

As depicted in Equation 5, the second-order polynomial relationship was derived 
from the trendline representing the correlation between various volume ratios of 
modulus of rupture in fiber-reinforced concrete and non-fiber-reinforced concrete. 

2

0

 = 2,372.848 29.892 1.000.  r

r

f x x
f 	 (5)

When applying the fiber mix volume percentages of 0.5% and 1.0% obtained 
from this study to Equation 5, the modulus of rupture was determined to be 4.34 MPa 
and 4.23 MPa, respectively. The results were consistent with the modulus of rupture 
values derived from the experimental data. The average MOR of concrete mixed 
with fiber volumes of 0.5% and 1.0% are 4.40 MPa and 4.27 MPa, respectively. The 
deviation values for these measurements are 1.41% and 1.06%, respectively.

Distribution of polypropylene fibers

The uniform dispersion of fibers can be observed on the fractured surface of the 
specimens, as depicted in Figure 6, following their failure. This particular result can 
be explained by meticulous preparation during the mixing process of the concrete 
components, in which the fibers were distributed uniformly before adding water. 
The concrete mixture effectiveness was enhanced by adding superplasticizers, which 
facilitated suitable workability and effective casting. Examining the fiber distribu-
tion at the fracture surface indicates that most fibers remained undamaged, while 
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only a minor fraction experienced rupture. The primary failure mechanism exhibited 
by the fibers was ‘pull-out’, which is explained by insufficient bonding between the 
concrete and fibers.

a   b   c 

FIGURE 6. Fracture faces of the polypropene fiber-reinforced concrete beam: a – plain concrete, b – 
polypropylene fiber 0.5% by volume; c – polypropylene fiber 1.0% by volume
Source: own work.

Consequently, using fibers with a rough texture or increasing the fiber length 
could improve the interfacial adhesion potency between the fiber and the concrete 
matrix, thereby eliminating the probability of the pull-out collapse. The utilization 
of crimped-shaped fibers (Oh, Kim & Choi, 2007) and longer fibers (Singh, Shukla 
& Brown, 2004) presents the possibility of improving the mechanical properties and 
durability of fiber-reinforced concrete. The present study highlights the significant 
influence of fiber dispersion and bond strength on the improvement of post-cracking 
behavior and overall performance of fiber-reinforced concrete.

Conclusions
The present investigation systematically evaluated the mechanical characteris-

tics of plain concrete and PPFRC. The study included experimental testing utilizing 
ASTM C39/C39M to evaluate compressive strength and ASTM C 1609C/1609M 
for assessing flexural performance. The findings of the research can be summarized 
as follows:
–	 The concrete with PP fiber 0.5% by volume exhibited consistently high perfor-

mance, as demonstrated by compressive strength tests conducted following ASTM 
C39/C39M standard. The mixture based on investigation showed the greatest 
mean compressive strength across all testing ages, with values of 31.07 MPa, 
41.51 MPa, and 46.68 MPa recorded at 1 day, 7 days, and 28 days, respectively. 
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The mechanical properties indicated by the above values exhibited superior per-
formance compared to plain concrete and concrete with PP fiber 1.0% by volume. 
Thus, it had been identified that a fiber volume portion of 0.5% represents the 
most advantageous amount for enhancing the compressive strength of concrete.

–	 The analysis of the behavior of concrete after cracking demonstrated essential 
improvements in residual strength and toughness with the addition of PP fibers. 
The concrete with PP fiber 0.5% and 1.0% by volume resulted in significant 
enhancements in the fD600 values, which indicate the residual strength of the 
material after the deformation of L/600. The concrete with PP fiber 0.5% and 
1.0% by volume exhibited a fD600 value of 1.04 MPa and 1.61 MPa, respectively. 
These values represented significant improvements over the 0.36 MPa fD600 value 
observed in the plain concrete. Furthermore, the addition of PP fiber into concrete 
at volumes of 0.5% and 1.0% yielded toughness measurements that were 2.0 
(28.19 J) and 2.6 times (36.63 J) greater than the value of 13.98 J for plain con-
crete. The observation above emphasized the critical advantage of adding fiber 
reinforcement in enhancing the ability of concrete to withstand crack propagation 
and absorb energy when subjected to flexural load.

–	 The evaluation of the fractured surfaces of the specimens demonstrated that the 
realization of these performance improvements depended on the uniform distri-
bution of fibers and the development of adequate bonding with the concrete. The 
addition of fibers in the concrete matrix resulted in an essential improvement in 
its overall performance. The predominant failure mode was ‘pull-out’ indicating 
inadequate bonding between the concrete and fibers. This illustrates the potential 
of enhancing the mechanical properties of fiber-reinforced concrete by improving 
the bonding between the fiber and concrete matrix. The approach above could 
involve the utilization of longer or rough fibers, which denotes a suitable option 
for future research.
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Summary

Enhancement of tensile performance of concrete by using synthetic polypro-
pylene fibers. The research attempted to investigate the effect of polypropylene fibers 
(PP fibers) on the mechanical characteristics of concrete. According to ASTM C39/C39M 
and ASTM C 1609/C1609M, standard testing methods were used to examine the concrete 
compressive and flexural strength, post-cracking behavior, and toughness. The mechanical 
properties were evaluated at different ages of concrete curing, namely 1 day, 7 days, and 
28 days, and for different quantities of fiber volume portions, specifically 0.0%, 0.5%, 
and 1.0%. The results demonstrate that a fiber volume of 0.5% is the most effective in 
obtaining the highest compressive strength. The recorded values at the related testing ages 
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were 31.07 MPa, 41.51 MPa, and 46.68 MPa. Additionally, the utilization of 0.5% and 1.0% 
volume of PP fiber in concrete resulted in improved flexural strength and post-cracking 
performance. The toughness values for these mixes were 2.0 and 2.6 times higher than 
those for the plain concrete. Upon analyzing the fracture surface, there was a homogeneous 
distribution of fibers, which played a significant role in enhancing the overall functionality 
of the concrete. The research validated that the inclusion of polypropylene fibers substan-
tially enhanced the mechanical characteristics of concrete, emphasizing the potential of 
fiber reinforcement in concrete-based implementations.
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Introduction
The influence of soil on urban ecology is both direct and indirect (Ouabo, San-

godoyin & Ogundiran, 2020), and creating a digital soil map also has a significant 
impact on research in terms of time and preventing soil problems, consequently, there 
is a growing need for information about soil (Zijl, 2019). The data for 56 different 
soil samples collected from various depths in the city of Kirkuk were combined 
utilizing the inverse distance weighted (IDW) spatial analysis technique (Raheem 
& Omar, 2021). Soil behavior and the possible impact of soil issues on structures 
may be predicted using mathematical models and computer simulations (Addiscott, 
1993). Based on prior project observations and data, empirical correlations may be 
applied to predict soil behavior. These correlations can be used to estimate the soil’s 
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swelling potential and the probable impact on structures (Cantillo, Market & Bird, 
2017). Creating models and simulations of how soil would counter or predict some 
soil characteristics in a particular location requires the use of a geographic informa-
tion system (GIS) by storing information and data, such as Atterberg limits (liquid 
limit – LL, plasticity index – PI), and various soil characteristics denoted by gravel 
content, sand content, silt content, clay content, gypsum content (GYP), total sus-
pended solids (TSS), potential of hydrogen (pH), and organic content (ORG) com-
ponents (Raheem, Omar, Naser & Ibrahim, 2022; Raheem, Naser, Ibrahim & Omar, 
2023; Salahalden, Shareef & Al Nuaimy, 2023). This information may be utilized 
to develop predictions regarding soil stability, soil volume change, and other soil 
qualities. The approach typically involves data collection and mapping, the devel-
opment of a mathematical model to define soil behavior, and simulation testing to 
validate the models and provide predictions concerning soil behavior in specific 
regions (Omer et al., 2018). The accuracy of the findings is determined by the 
dependability of the models used and the quality of the data used. Machine learning 
was used to predict continuous dependent soil characteristics from an assortment of 
independent factors using both single and multi-linear regression models (Matarira, 
Mutanga & Dube, 2021; Mohsin & Lone, 2021; Pentos, Mbah, Pieczarka, Niedbała 
& Wojciechowski, 2022).

This study stands out because it employs the IDW method to produce digital 
maps for several significant soil attributes in a Kirkuk City residential complex. 
More importantly, no digital maps for apartment buildings in the city of Kirkuk have 
ever been examined. Planners in Kirkuk, Iraq, will be able to more precisely classify 
the area’s diverse soil sections with the use of these computerized topsoil maps. This 
will make it possible to put into practice various risk-reduction strategies for struc-
tural engineering and make better decisions regarding the potential cracking areas.

The main goal of this study is to utilize a spatial statistical approach determined 
by the inverse distance weighted (IDW) technique to incorporate all available infor-
mation on the soils of the investigated residential complex in the city of Kirkuk, 
Iraq. The particular objectives can be represented as geographical data combining 
the proportions of LL, gravel, sand, silt, GYP, TSS, pH, and ORG for the current 
investigation residential complex in Kirkuk, Iraq. The aim was to investigate the 
relationship between PI and physical soil parameters using a linear single regression 
model with discrete correlations. The specific correlations between PI and the phys-
ical, chemical, and compounded physical and chemical soil properties were further 
examined using linear multi-regression models. The digital maps created using pre-
diction models may be used to visualize the possibility of soil swelling and decrease 
the anticipated risks for future civil engineering projects.
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The study area and problem identification
The site is in the city of Kirkuk, around 750 m from the Kasa Su River and 600 m 

from the Kirkuk ring motorway. Several apartment buildings are located near the 
site. The building is about 30,000 m2 in size. The project entails the development 
of one and two-story residential apartments. Figure 1 illustrates the city of Kirkuk, 
including all governmental buildings, as well as the current investigated study area 
(Omar & Raheem, 2016). In many buildings in the inspected residential complex, 
numerous cracks of varied sizes and places have been noticed. Figure 2 illustrates 
various cracks in size and position for the investigated residential complex.

 

FIGURE 1. Detailed map of Kirkuk City
Source: own work.

 

FIGURE 2. Various cracks in shape and position in the studied residential complex in Kirkuk City/Iraq
Source: own work.
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Methodology

Geographic information system and data collection

Geographic information system applications are used to compile geographic 
information into databases to save time and money. The data-gathering procedure 
involves inputting updated data into the GIS application; however, data integration 
includes adjusting and protecting data integrity. For data acquired arbitrarily, the 
GIS application enables the evaluation of global auto-correlation (Olmo, Guervos 
& Rocha, 2019). Seven boreholes in the analyzed area provided a variety of soil data, 
which is adequate for such an explored area. Physical and chemical soil character-
istics such as PI, LL, gravel, sand, silt, clay, GYP, TSS, pH, and ORG content were 
obtained. Table 1 provides illustrations of geographical, physical, and chemical soil 
characteristics for the residential complex in Kirkuk City.

TABLE 1. Geographical and physical soil characteristics of sample examples of the studied residential 
complex in Kirkuk City/Iraq

FID BH North East
Depth 
[m]

Gravel 
content 

[%]

Sand 
content 

[%]

Silt 
content 

[%]

Clay 
content 

[%]
LL PI

GYP 
[%]

TSS 
[%]

pH
ORG 
[%]

0 1 3928584.755 448672.088 1.0 10 26 38 26 52 26 1.02 2.81 7.98 0.31

1 2 3928578.675 448641.835 1.0 6 48 24 22 17 2.67 1.95 2.64 7.94 1.42

2 3 3928638.499 448575.699 1.0 54 24 14 8 35 14 3.23 3.53 7.91 2.1

3 4 3928545.745 448585.963 1.0 4 8 49 39 48 26 2.3 2.12 7.92 1.77

4 5 3928580.663 448548.569 1.0 19 25 36 20 41 18 3.02 3.57 7.88 1.05

5 6 3928728.284 448476.17 1.0 40 15 27 18 38 14 2.89 3.9 7.95 1.76

6 7 3928742.614 448462.409 1.0 38 26 17 19 39 15 2.34 4.02 7.88 1.67

BH – borehole, LL – liquid limit, PI – plasticity index, GYP – gypsum content, TSS – total suspended solids, pH – 
potential of hydrogen, ORG – organic content.

Source: own work.

Individual data acquired for a specific soil is altered from an Excel file with 
latitude and longitude to a themed map utilizing Arc Map capabilities. Using the 
specified coordinates as a starting point, resampling maps were produced using 
the inverse distance weighted (IDW) interpolation technique. On the studied maps, 
each borehole position is represented by a small blued point.
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Inverse distance weighted (IDW) technique

The IDW technique is simple, comprehensive, and one of the most important 
approaches to interpolation. A linear sequence of surrounding points is used, which 
is normalized by an inverse connection of distance between the examined and tested 
locations (Billah, 2018). Eq. (1) demonstrates how to recognize the IDW approach:

1
1

1
,



  
n

iN
o i n

y dY
d

	 (1)

where Yo is the required quantity of the z factor at the I point; yi is the known quantity 
in the I point, d1 is the Euclidian range between the desired and provided values; N is 
the weighting factor based on distance; n is the degree of inverse distance weighting. 

The retrieved digital maps were utilized to define a surface that is a function of 
a specified attribute and neighborhood approach. It should be emphasized that the 
IDW approach conveniently interprets maximum and minimum field values. 

Linear single regression model

A linear single regression model was used to estimate the soil PI attribute using 
field information on the physical and chemical properties of the soil. In Eq.  (2), 
the represented PI soil properties in the linear single regression model are as follows:

PI [%] = L · physical or chemical soil property [%] + M,	 (2)

where L and M are model parameters.

Parameters such as LL, gravel content, sand content, silt content, clay content, gypsum 
content, TSS, pH, and organic content percentages are physical and chemical model factors 
that may be directly associated with PI content. However, PI requires a rigorous laboratory 
analysis and may be the primary cause of soil swelling. As a result, the suggested linear 
single regression model can estimate PI using physical and chemical soil parameters.

Linear multi-regression model

A linear multi-regression model was used to calculate the PI soil attribute using 
field measurements for physical and chemical soil factors. The linear multi-regres-
sion model represents the following soil characteristics: LL, gravel, sand, silt, clay, 
gypsum, TSS, pH, and organic percentages. Three distinct linear multi-regression 
models were employed. Equations (3), (4), and (5) reveal the model forms as follows:
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PI [%] = A · LL + B · gravel [%] + C · sand [%] + D · silt [%] + E · clay [%] + F, 	 (3)

PI [%] = G · GYP [%] + H · TSS [%] + I · pH [%] + J · ORG [%] + K, 	 (4)

PI [%] = N · LL + O · gravel [%] + P · sand [%] + Q · silt [%] + 
+ R · clay [%] + S × GYP [%] + T · TSS [%] + U · pH [%] + V · ORG [%] + W, 	 (5)

where the model parameters are A, B, C, D, E, F, G, H, I, J, K, N, O, P, Q, R, S, T, 
U, V, and W.

The PI component can be predicted using varying percentages of physical and 
chemical soil variables based on the specified multi-regression model characteristics.

Results

Physical soil distribution

The IDW method was used to estimate the gravel distribution for the examined res-
idential complex in the city of Kirkuk, as shown in Figure 3a. The percentage of gravel 
is accurately divided into five regions: very low, low, medium, high, and very high. 
The maximum and minimum gravel concentrations obtained by the IDW interpolation 
approach were used to characterize these zones. The ranges were as follows: from 
4.016 to 13.997, 13.998 to 23.979, 23.980 to 33.961, 33.962 to 43.943, and 43.944 to 
53.925. The first region has a maroon color and appears as a single spot near one of 
the field boreholes. The second zone is identified by its red color and may be found 
in the analyzed residential complex’s northern and western zones. The third region is 
designated by the pink color and situated in the center of the investigated residential 
complex. The fourth region is designated by a light pink color and located in the south-
eastern zone of the investigated residential complex. The fifth zone is designated by 
a white color and divided into tiny areas around two of the boreholes.

Figure 3b illustrates the findings of an IDW technique study utilizing a GIS to eval-
uate the distribution of sand in a residential complex in the city of Kirkuk. The distribu-
tion of sand follows the same five zones as the distribution of gravel. The interpolation 
by IDW method was used to calculate the maximum and minimum sand contents for 
each zone. The very low, low, medium, high and very high regions started from 12.005 
to 17.202, 17.203 to 22.400, 22.401 to 27.598, 27.599 to 32.795, and 32.796 to 37.993, 
respectively. The first zone is maroon in color and dispersed as a spot near one of the 
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boreholes. The second zone is located in the complex’s southeast corner. The third 
region extends from the complex’s geographic center to the south. The fourth region 
is located in the examined residential complex’s center to the northern zone. The fifth 
zone is separated into little portions in the complex’s central northern zone.

As demonstrated in Figure 3c, the silt distribution has been consistently evaluated 
using the IDW approach combined with the GIS technology for the residential com-
plex in the city of Kirkuk. The silt has been divided into five zones, ranging from 
extremely low to very high. The IDW interpolation method was used to compute 
the highest and lowest silt contents in each zone. The first zone is maroon in color 
and scattered throughout the complex’s south and east zones. The second zone is 
positioned in the complex’s center, to the south. The third section stretches from the 
complex’s geographic center to the north. The fourth area is represented by locations 

 

a b c 

d e f 

FIGURE 3. Inverse distance weighted technique for physical soil distributions in the studied residential 
complex in Kirkuk City/Iraq: a – gravel, b – sand, c – silt, d – clay, e – liquid limit (LL), f – plasticity 
index (PI)
Source: own work.
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in the complex’s center and north. The fifth zone is divided into discrete locations 
across the complex. 

Using IDW with the GIS technique, we mapped out the residential complex of 
Kirkuk clay distribution as identified in Figure 3d. The clay has been divided into 
five zones ranging from extremely low to very high. To calculate the maximum 
and minimum clay concentrations for each zone, the IDW interpolation method was 
utilized. Starting from 8.026 to 11.619, 11.620 to 15.213, 15.214 to 18.807, 18.808 
to 22.401, and 22.402 to 25.995, consecutively, the extremely low, low, medium, 
high, and very high regions were constructed. The first zone is maroon in color 
and appears as a spot in the complex’s southern zone. The second zone covers up 
the majority of the complex’s space. The third segment extends westward from the 
complex’s geographic center. A site close to one of the boreholes in the examined 
complex represents the fourth area. The fifth zone is represented by a little piece in 
the complex’s southern zone.

We mapped out the residential complex of Kirkuk LL distribution using IDW 
and the GIS approach, as shown in Figure 3e. The LL is separated into five zones 
ranging from extremely low to extremely high. The IDW interpolation method was 
used to compute the maximum and minimum LL concentrations for each zone. From 
17.029 to 20.009, 24.010 to 30.990, 30.991 to 37.971, 37.972 to 44.952, and 44.953 
to 51.933, the extremely low, low, medium, high, and very high zones were built 
in sequence. The first zone is a maroon-colored region in the complex’s southern 
zone. The second zone covers much of the complex’s north space. The third segment 
encompasses the complex’s southern portion. The fourth area is located near one of 
the boreholes in the investigated complex. A little section in the complex’s southern 
zone represents the fifth zone.

The residential complex of Kirkuk PI distribution was mapped out using IDW 
and the GIS technique, as illustrated in Figure 3f. The PI is divided into five zones, 
which range from extremely low to very high. The highest and lowest PI concentra-
tions for each zone were calculated using the IDW interpolation method. Extremely 
low, low, medium, high, and very high zones were developed in order from 2.689 to 
7.342, 7.343 to 11.996, 11.997 to 16.650, 16.651 to 21.304, and 21.305 to 25.958. 
The first zone is a maroon patch in the complex’s southern zone. The second zone 
is represented by three circular shapes in red that are scattered over the study area. 
The third portion covers the majority of the site. The fourth region is near one of 
the studied complex’s boreholes. The fifth zone is represented by a small part of the 
complex’s southern zone. 

It should be noted that the analyzed maps have shown that the maximum values 
for both silt and clay concentrations are higher than the corresponding values for 
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both gravel and sand values. Thus, attributed geotechnical complications such as 
soil swelling is expected that may lead to partial building cracks in the absence of 
required appropriate engineering protections.

Chemical soil distribution

As shown in Figure 4a, the IDW approach was utilized to estimate the GYP distri-
bution for the investigated residential complex in the city of Kirkuk. The proportion 
of GYP is classified into five categories: very low, low, medium, high, and very 
high. These zones were defined using the maximum and minimum GYP concentra-
tions determined using the IDW interpolation method. The ranges were as follows: 
from 1.023 to 1.464, 1.465 to 1.906, 1.907 to 2.348, 2.349 to 2.790, and 2.791 to 
3.232. The first section is maroon in color and appears as a single circular pattern in 
the complex’s southern zone. The second zone is distinguished by its red color and 
placed in the complex’s center. The pink color represents the third region, which is 
located in the northern and southern parts of the examined residential complex. The 
fourth region is represented by little spots in the northern and southern zones of the 
analyzed residential complex and marked by a light pink color. The fifth zone is 
identifiable as a little spot in the complex’s southern zone with a white color. 

As shown in Figure 4b, we used IDW and the GIS technique to map out the Kirkuk 
TSS distribution residential complex. The TSS is divided into five zones ranging from 
extremely low to extraordinarily high. The greatest and lowest TSS concentrations for 
each zone were calculated using the IDW interpolation method. Starting from 2.670 
to 2.940, 2.941 to 3.211, 3.212 to 3.482, 3.483 to 3.753, and 3.754 to 4.024, consecu-
tively, the extremely low, low, medium, high, and very high regions were constructed. 
The first zone, which is maroon in color, may be observed in the complex’s central 
zone. The second zone encompasses the majority of the center zone. The third portion 
extends from the complex’s northern zone to its southern region. The fourth location 
in the investigated complex is towards the complex’s southern corner. The fifth zone is 
represented by white spots in the complex’s northern and southern regions.

We mapped out the Kirkuk pH distribution residential complex using IDW and 
the GIS approach, as shown in Figure 4c. The pH is composed of five zones, from 
very low to very high. The highest and lowest pH concentrations for each zone 
were calculated using the IDW interpolation technique. The extremely low, low, 
medium, high, and very high zones were developed systematically from 7.850 to 
7.875, 7.876 to 7.901, 7.902 to 7.927, 7.928 to 7.953, and 7.954 to 7.979. A spot in 
the complex’s southern zone is designated as the first zone, which is symbolized 
by the maroon color. The complex’s southern zone includes one circular shape that 
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represents the second zone, which is designated by a red color. The third and fourth 
zones cover the majority of the southern and northern zones of the study area 
respectively. The fifth zone is represented by two spots in the complex’s northern 
and southern zones.

As illustrated in Figure 4d, we mapped the Kirkuk ORG distribution residential 
complex using IDW with the GIS method. Five zones, ranging from incredibly low 
to very high, constitute the ORG. Using the IDW interpolation technique, the high-
est and lowest ORG concentrations for each zone were determined. The extremely 
low, low, medium, high, and very high regions were built sequentially starting 

 

a b c 

d 

FIGURE 4. IDW technique for chemical soil distributions in the studied residential complex in Kirkuk 
City/Iraq: a – gypsum content, b – total suspended solids, c – pH, d – organic content
Source: own work.
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from 0.311 to 0.668, 0.669 to 1.026, 1.027 to 1.384, 1.385 to 1.742, and 1.743 to 
2.100. The first zone, which is maroon in color, may be observed in the complex’s 
north-central zone. The second zone encompasses the majority of the northern 
zone. The third portion occupies the southern zone of the complex. The fourth 
location in the investigated complex is located towards the complex’s southeastern 
corner. The fifth zone is represented by a white spot in the complex’s southern 
region.

It should be observed that the highest values for both gypsum and organic con-
centrations are greater than the equivalent values for pH and TSS values, accord-
ing to the evaluated maps. Hence, zones with high gypsum and organic contents 
are more susceptible to geotechnical difficulties such as voids development due to 
gypsum melting and excessive settlement because of weak soil with high organic 
content. Consequently, partial building cracks can be caused due to the presence of 
such problematic soils.

Correlation between plasticity index and soil characteristics 

The relationships between PI and soil characteristics such as LL, gravel, sand, 
silt, clay, gypsum, TSS, pH, and organic components and PI are summarized in 
Table 2. 

TABLE 2. Correlations between plasticity index and soil characteristics for studied residential complex 
in Kirkuk City/Iraq

×
PI  

[%]
LL  
[%]

Gravel 
[%]

Sand 
[%]

Silt 
[%]

Clay 
[%]

GYP 
[%]

TSS 
[%]

pH
ORG 
[%]

PI [%] 1.000 – – – – – – – – –

LL [%] 0.345 1.00 – – – – – – – –

Gravel [%] –0.298 0.063 1.00 – – – – – – –

Sand [%] –0.427 –0.369 0.159 1.00 – – – – – –

Silt [%] 0.323 0.316 –0.750 –0.611 1.00 – – – – –

Clay [%] 0.431 0.116 –0.716 –0.700 0.692 1.00 – – – –

GYP [%] –0.379 –0.026 0.451 –0.021 –0.180 –0.337 1.00 – – –

TSS [%] –0.234 0.125 0.299 –0.231 0.011 –0.086 0.577 1.00 – –

pH 0.022 0.084 0.091 0.145 –0.147 –0.137 0.106 0.037 1.00 –

ORG [%] –0.410 –0.138 0.612 –0.061 –0.415 –0.281 0.412 0.304 0.211 1.00

PI – plasticity index, LL – liquid limit, GYP – gypsum content, TSS – total suspended solids, pH – potential of hy-
drogen, ORG – organic content.

Source: own work.
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Positive and negative correlations have been identified between the PI character-
istic and various soil parameters, with degrees of correlation ranging from –0.427 
to 0.431. Furthermore, correlations between the LL and gravel, sand, silt, clay, GYP, 
TSS, pH, and ORG varied from –0.369 to 0.316. Moreover, satisfactory relationships 
between gravel content and the amounts of sand, silt, clay, GYP, TSS, pH, and ORG 
substances are observed, with degrees of correlation ranging from –0.750 to 0.612. 
Positive and negative relationships between sand content and proportions of silt, 
clay, GYP, TSS, pH, and ORG substances have also been identified, with degrees of 
correlation ranging from –0.700 to 0.145. Likewise, relationships between silt con-
tent and clay, GYP, TSS, pH, and ORG material percentages have been established, 
with degrees of correlation ranging from –0.415 to 0.692. Clay content has been 
found to have negative associations with chemical soil percentages, with degrees of 
association ranging from –0.337 to –0.086. Positive relationships exist between soil 
chemical concentrations, with degrees of correlation ranging from 0.037 to 0.577. 
It is essential to establish accurate correlations between PI and physical and chemi-
cal soil contents that may be utilized to determine the critical swelling feature indi-
rectly with no cost or effort.

Linear single regression model

Table 3 summarizes the properties of the proposed linear single regression model 
[Eq. (2)]. The least squares approach was used to solve the proposed linear single 
regression model. Table  3 shows the model parameters (L and M) as well as R2 
values for the suggested model for all of the analysed situations. The model’s coeffi-
cients L and M have comparable ranges from –4.851 to 3.587 and –8.650 to 28.573. 
Furthermore, the R2 ranges from 0.001 to 0.186.

The variation of PI with the physical soil properties has been illustrated in Fig-
ure 5a–e. Different negative and positive associations have been observed between 
PI and physical soil contents. The PI has demonstrated positive correlations with 
LL, silt content, and clay content, whereas the PI has revealed negative associations 
with both gravel and sand contents. It is obviously indicated that the PI has posi-
tive associations with fine particle contents and negative associations with coarse 
particle substances. A decent relationship between PI and LL is observed for LL 
values higher than 30, with slight changes in gravel concentration over 10%. In addi-
tion, reasonable correlations between PI with sand, silt and clay contents have been 
observed except for sand and silt values in the range of 20–30% and for clay content 
in the range of 30–40%.
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TABLE 3. Linear regression model analysis for swelling soil characteristics of studied residential com-
plex in Kirkuk City/Iraq

Swelling  property 
[%]

Physical and chemical properties 
[%]

L M Equation R2

PI LL 0.277 8.255 PI = 0.277 · LL + 8.255 0.120
PI gravel –0.136 22.679 PI = –0.136 · gravel + 22.679 0.089
PI sand –0.236 25.486 PI = –0.236 · sand + 25.486 0.182
PI silt 0.197 13.879 PI = 0.197 · silt + 13.879 0.104
PI clay 0.263 13.550 PI = 0.263 · clay + 13.550 0.186
PI GYP –4.851 28.573 PI = –4.851 · GYP + 28.573 0.144
PI TSS –2.415 26.635 PI = –2.415 · TSS + 26.635 0.055
PI pH 3.587 –8.650 PI = 3.587 · pH – 8.650 0.001
PI ORG –4.003 23.888 PI = –4.003 · ORG + 23.888 0.169

Source: own work.

 

a b 

c d 

e 

FIGURE 5. The variation of plasticity index content with the physical soil contents of studied residen-
tial complex in Kirkuk City using linear single regression model: a – correlation between plasticity 
index (PI) and liquid limit (LL), b – correlation between plasticity index (PI) and gravel content [%], 
c – correlation between plasticity index (PI) and sand content [%], d – correlation between plasticity 
index (PI) and silt content [%], e – correlation between plasticity index (PI) and clay content [%]
Source: own work.
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The variation of PI with chemical soil properties has been demonstrated in Figure 
6a–d. The PI has revealed negative correlations with GYP [%], TSS [%], and ORG 
[%] contents while a positive correlation between PI and pH has been noticed. The 
PI values have shown good correlations with both GYP [%] and TSS [%] for most 
values greater than 1% and 2% respectively. A reasonable variation between PI and 
pH values has been noticed except for a pH value close to 7.9, whereas PI and ORG 
values were correlated rationally for ORG values greater than 0.5.

 

a b 

c d 

FIGURE 6. The variation of plasticity index content with the chemical soil contents of studied residen-
tial complex in Kirkuk City/Iraq using linear single regression model: a – correlation between plasticity 
index (PI) and gypsum content (GYP) [%], b – correlation between plasticity index (PI) and total sus-
pended solids (TSS) [%], c – correlation between plasticity index (PI) and pH, d – correlation between 
plasticity index (PI) and organic content (ORG) [%]
Source: own work.

Linear multi-regression model

Information about the linear multi-regression framework [Eqs (3), (4) and (5)] is 
provided in Table 4. The least squares approach was used to solve the linear multi- 
-regression equations. Table 4 shows the proposed model parameters (A–W) as well 
as the predicted values of the multiple R model. The multiple R value ranges from 
0.485 to 0.921.



352

Merza, A. N., Raheem, A. M., Naser, I. J., Ibrahim, M. O., Omar, N. Q. (2023). Implementing 
GIS and linear regression models to investigate partial building failures. Sci. Rev. Eng. 
Env. Sci., 32 (4), 338–356. DOI 10.22630/srees.4857

TABLE 4. Linear multi-regression model analysis for swelling soil characteristics of studied residential 
complex in Kirkuk City/Iraq

Swelling 
property 

[%]

Equation 
number

Linear multi-regression coefficients
Multiple R

A B C D E F

PI 3 0.637 –2.661 –2.645 –2.625 –2.560 254.478 0.921

G H I J K

PI 4 –3.369 0.141 19.801 –3.232 –127.336 0.485

N O P Q R

PI 5 0.647 –2.688 –2.665 –2.645 –2.590

S T U V W

–0.261 0.010 –4.952 0.259 295.696 0.921

Source: own work.

The variations in the expected and actual soil PI characteristics using the multi-lin-
ear regression model [Eqs (3)–(5)] are displayed in Figure 7a–c. The proposed linear 
multi-regression analysis of Eqs (3) and (5) estimate PI values successfully in Fig-
ures 7a and 7c, with multiple R values of 0.921.

 

a b 

c 

FIGURE 7. The variation of PI content with the chemical soil contents of studied residential complex 
in Kirkuk City/Iraq using linear single regression model: a – correlation between plasticity index (PI) 
and gypsum content (GYP) [%], b – correlation between plasticity index (PI) and total suspended solids 
(TSS) [%], c – correlation between plasticity index (PI) and pH, d – correlation between plasticity index 
(PI) and organic content (ORG) [%]
Source: own work.



353

Merza, A. N., Raheem, A. M., Naser, I. J., Ibrahim, M. O., Omar, N. Q. (2023). Implementing 
GIS and linear regression models to investigate partial building failures. Sci. Rev. Eng. 
Env. Sci., 32 (4), 338–356. DOI 10.22630/srees.4857

However, a lower multiple R value of 0.485 has been noticed for the predicted PI 
values of Eq. (4) as presented in Figure 7b. It is evident that PI values can be approx-
imated more conveniently based on physical or integrated physical and chemical soil 
features rather than chemical attributes alone. Moreover, it has been demonstrated 
that PI values, which are the primary cause of cracks, may be predicted more accu-
rately using multi-regression models than single-regression models.

Discussion
The arrangement of soil granules is a key factor in assessing the possibility of 

soil swelling. When contrasted to soil with a more consistent particle size distri-
bution, known as poorly graded soil, soil with a broader range of sizes has greater 
drainage and a slighter propensity for swelling. It’s due to the fact that properly 
graded soil facilitates the ability for water to drain, which lowers the risk of soil 
swelling carried on by excessive water absorption. Poorly graded soil, on the con-
trary, has a larger water-holding capacity and may not drain as efficiently, which 
might increase the probability of swelling. The particulate distribution might pro-
vide useful data for analyzing the possibility of soil swelling and contributing to 
the design of suitable foundation alternatives. Soils with a substantial clay concen-
tration have a significant possibility for swelling compared to soils with low clay 
content. Although clay particles are tiny and have a high surface area to volume 
ratio, they may absorb and retain a lot of water. Since water is absorbed by the 
soil, the clay particles acquire additional water and expand in volume, leading the 
soil to swell. The swelling would be determined by the type of clay content, the 
proportion of clay in the soil, and the amount of water absorbed. As a result, while 
assessing the possibility of soil swelling, the clay concentration of the soil is an 
important component to be evaluated. The soil type content in neighboring loca-
tions where samples are collected can be predicted using the GIS procedure and 
IDW approach. It is clear that the TSS, GYP, and ORG concentrations are insuf-
ficient to be active throughout the entire examined region. The LL and PI can be 
utilized to predict the possibility of soil swelling. These two factors provide use-
ful information regarding soil behavior when subjected to moisture fluctuations. 
Swelling is more likely in soils with high LL and PI levels. This is due to the fact 
that soils with high LL and PI may hold more water and have a greater tendency 
to alter volume concerning moisture variations. Such soils can swell as they retain 
moisture, causing volume changes and possible collapse. According to LL and PI, 
most regions have swell potentials ranging from moderate to high.
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Conclusions
The geographical analysis in this work was carried out using the distance weighted 

(IDW) approach, based on information received from seven field boreholes obtained 
from a residential complex in the city of Kirkuk. The physical and chemical proper-
ties of field soil samples were used to perform investigations on the existing cracks 
in the structures of the examined complex. In particular, the plasticity index and 
soil characteristics relationships, as well as linear single and linear multi-regression 
models were used in statistical analysis. Based on the available data and findings of 
this investigation, the following research conclusions have been proposed:
1.	 Gravel soil is mostly spread in three zones across the examined residential com-

plex, according to the IDW approach combined with the GIS technique.
2.	 Using the GIS and IDW analysis, the examined residential complex has the 

greatest sand and silt percentages in the northern part.
3.	 According to the IDW approach combined with the GIS procedure, clay soil 

covers the majority of the analyzed residential complex.
4.	 The investigated residential complex has the highest gypsum concentration in 

the central part, according to GIS and IDW examinations.
5.	 The majority of the soil in the examined residential complex area has liquid limit 

and plasticity index values between 37.972 and 44.952 and 11.997 and 16.650, 
respectively, according to the GIS and IDW analyses.

6.	 The analyzed residential complex has the highest total suspended solids in the 
central and western regions, according to GIS and IDW assessment.

7.	 All of the soil in the investigated residential complex is alkaline, with small vari-
ations in pH values between 7.850 and 7.979, according to the GIS approach and 
IDW technique.

8.	 Most of the soil between the north and center of the analyzed residential complex 
has organic content values between 1.385% and 1.742%, according to the GIS 
methodology and IDW approach.

9.	 Significant positive and negative associations between the physical and chem-
ical parameters of the soil and the plasticity index as a swelling indicator have 
been observed.

10.	 The presented linear multi-regression models of the physical and integrated 
physical and chemical soil properties successfully predicted the plasticity index 
values, with multiple R values of 0.92 for both models.

11.	 The proposed statistical models can thus offer comprehensive geographic and 
mechanical interpretations for the crack origins in the analyzed residential 
complex.
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Summary
Implementing GIS and linear regression models to investigate partial building fail-

ures. One of the most dangerous field problems in the civil engineering discipline is the 
suddenly developed cracks in the building, which could be caused by the swelling of the 
subsurface soil. Thus, this work has focused on employing a procedure in the geographic 
information system known as the inverse distance weighted (IDW) technique, to analyze the 
extent of cracks in a residential complex in the city of Kirkuk in Iraq using the physical and 
chemical soil data for seven boreholes from the field of the study. Physical soil parameters 
such as liquid limit (LL), gravel, sand, silt and clay percentages were characterized first, fol-
lowed by chemical properties such as gypsum content (GYP), total suspended solids (TSS), 
potential of hydrogen (pH), and organic content (ORG). Furthermore, statistical studies such 
as plasticity index (PI) and soil characteristics association, linear single, and various lin-
ear multi-regression models were used. The data analysis shows that there are significantly 
positive and negative relationships between PI as a swelling indicator and the physical and 
chemical soil properties, although weak to moderate correlations were observed between PI 
and these variables. The PI values were accurately predicted by the proposed linear multi-re-
gression models of the physical and integrated physical and chemical soil characteristics, 
with multiple R values of 0.92 for both models. As a result, the suggested statistical models 
can provide complete geographic and mechanical explanations for the crack sources in the 
investigated residential complex.
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Introduction
Clay shale conditions in certain projects have a huge problem that usually occurs. 

Most of these issues are due to the clay minerals in shale swelling expanding too much, 
resulting in subsidence, cracking, and loss of bearing capacity. Due to its characteris-
tics, which store water much better than sandy soil, clayey soil is frequently recognized 
as troublesome soil. These conditions induce more engineering issues because of the 
soil creeping. Furthermore, another study claims that because clay shale is a transi-
tional element between soil and rock, it loses durability quickly, leading to issues in 
the geotechnical industry (Agrawal, Manhas & Sharda, 1993; Sharma, 1995; Sharma, 
1996; Powell, Siemens, Take & Remenda, 2013; Pardoyo, Kresno, Fahreza & Mau-
lana, 2020; Khairul & Musta, 2022; Simatupang, Alatas, Redyananda & Purnomo, 
2022). Furthermore, according to Zanzinger, Koerner & Gartung (1986), unweather 
clay shale has a maximum cohesion of 85 kPa and an internal angle of friction of 41°. 
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However, when the material was exposed to air, its shear strength reduced to zero 
cohesion and its friction angle was only 9 (Zanzinger et al., 1986).

The characteristic of the clay shale problem was found in several areas in Indone-
sia. An engineering method exercise for clay shale cutting slope was provided first 
by Shields in Bukit Asam locations (Shields, 1986). Another research is the water- 
-based application that is both cost-effective and inhibitive offshore in East Kaliman-
tan (Huadi, Aldea, Mackereth & Mukhlis, 2010). In addition, the clay shale slope 
investigation was also conducted on the Cisomang Bridge on the toll route between 
Purwakarta and Bandung (Hendry, Somantri, Febriansya & Nurhadi, 2020), as well 
as clay-shale cutting slope in the Karawang Area (Zhang, Wang, Zhou & Huang, 
2022), Cipularang highway (Agung, Pramusadi & Damianto, 2017), Semarang, 
Central Java (Rahardjo, Halim & Wisanto, 2012), and Tana Toraja airport project 
(Gouw et al., 2016). The visual characteristic in several cutting clay shale slopes is 
described in Figure 1, which presents the clay shale slope on certain toll road project 
in Indonesia. In addition, the picture depicts the disintegration of clay shales after 
only a few days of exposure to the atmosphere; even if they still resemble rock, they 
are readily spalled off and disintegrated by applying small forces.

 
FIGURE 1. Clay shale slope in toll road project in Indonesia
Source: own work.



359

Fitri, S. N., Surjandari, N. S., As’ad, S. (2023). A systematic review of clay shale 
research development for slope construction. Sci. Rev. Eng. Env. Sci., 32 (4), 357–375. 
DOI 10.22630/srees.5212

The action to solve the clay shale problem has been described in a particular area. 
On a problematic clay shale, a 25–37 m high retaining structure was built to support 
a Tana Toraja runway (Gouw et al., 2016). In addition, by adding 38 pile founda-
tions into the existing foundation layout, reinforcement has been designed to minimize 
the movement of the particular pier on the Cisomang Bridge (Hendry et al., 2020). 
The optimal solution was the hybrid reinforced soil slope (HRSS), a combination of 
anchored gabion units and geogrids. The anchored gabion units were constructed from 
hexagonal double twisted wire mesh 8 × 10 Galmac® (Zn-Al 5%) polymer coated 
steel wire measuring 2.7/3.7 mm in diameter. Geogrids with an initial tensile strength 
of 300 kN⋅m–1 were utilized, which comprised of high-tenacity polyester yarn tendons 
encased in polyethene (Gouw, 2018). However, the information on the further topic 
related clay shale study has not been presented in clay shale slope stability research.

Several article issues describe the clay shale performance. Table 1 presents pub-
lished review studies about clay shale. Table 1 divides the categories into five areas: 
case study, rock mechanics, clay mineralogy, slope stability, and bibliometric analy- 
sis. A “YES” means the article examines certain criteria, and “NO” vice versa. The 
percentile of review articles shows most of these describe rock mechanics in clay 
shale, which reaches 100%. Moreover, the case study analysis is the second topic 

TABLE 1. Summary of review articles and published research on clay shale

Year Reference
Examined 
case study

Discussed 
rock 

mechanics

Discussed 
clay 

mineralogy

Analysis 
for slope 
stability

Provided 
bibliometric 

review

2000 Einstein, 2000 YES YES NO NO NO

2003 Picarelli et al., 2003 YES YES YES NO NO

2003 Nomura, 2003 YES YES NO YES NO

2004 Mesri & Shahien, 2004 YES YES NO YES NO

2009 Bonini, Debernardi, Barla & Barla, 2009 YES YES YES NO NO

2014
Al-Arfaj, Amanullah, Sultan, Hossain 
& Abdulraheem, 2014

NO YES YES NO NO

2016 Herbosch, Liégeois & Pin, 2016 YES YES YES NO NO

2021 Mo et al., 2021 NO YES YES NO NO

2021
Sharifigaliuk, Mahmood, Rezaee & Saeedi, 
2021

YES YES NO NO NO

2021 Rosly, Mohamad, Bolong & Harith, 2022 YES YES NO YES NO

2022 An, Zagorščak & Thomas, 2022 NO YES YES NO NO

2022 Pingquan et al., 2022 NO YES YES NO NO

2022 Jinhua et al., 2022 YES YES NO NO YES

Source: own work.
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with 76.9%. The clay mineralogy and slope stability are the third and fourth levels, 
with 53.8% and 23%, respectively. Lastly, the article that utilizes bibliometric 
analysis is the lowest topic, under one-tenth (7.69%).

This review study summarizes the published research for clay shale beginning in 
1980 and presents a bibliometric analysis to identify the published studies based on 
year and country, and provides various research prospective in particular maps using 
the VOSviewer program.

Methods

Bibliometric review by sequence

The overview organizes the body of research on clay shale structures into catego-
ries and provides reinforcement for clay shale slope design. The best technique for 
ensuring the best quality of the reference lists is to do a systematic literature evalu-
ation (Snyder, 2019) by performing a bibliometric analysis (Morrisey, 2020; Don-
thu, Kumar, Mukherjee, Pandey & Lim, 2021). The most recent research findings 
from publications that have been published and conference proceedings linked to 
clay shale have been statistically evaluated in a bibliometric assessment. In addition, 
the VOSviewer software was successfully analysed in the civil engineering study 
(Yu, Xu & Antuchevičiene, 2019; Wang, Xu, Ge, Zavadskas & Skačkauskas, 2020; 
Aristizabal, Lara, Payares & Alzate, 2021; Mulyawati & Ramadhan, 2021; Videras 
Rodríguez, Melgar, Cordero & Márquez, 2021; Shahbazi, Elahi & Khalili, 2022) 
and other topic research (van Eck & Waltman, 2010; van Eck & Waltman, 2017; 
Nandiyanto & Al Husaeni, 2021; Ding & Yang, 2022; Kuzior & Sira, 2022; McAl-
lister, Lennertz & Atencio Mojica, 2022; Soegoto, Soegoto, Luckyardi & Rafdhi, 
2022; Tamala, Maramag, Simeon & Ignacio, 2022). Figure 2 presents the method of 
bibliometric analysis.

First step: Entering keywords in two groups. For a list of the groups (see Table 2). 
Second step: Collect electronic resources from the Scopus search engines. 
Third step: The bibliometric analysis identifies the published research for clay 

shale by year and nation. Then, use VOSviewer to generate a bibliometric map to 
show the most recent developments in clay shale research and clay shale reinforce-
ment slope. 

Fourth step: Extraction of data from the third step, including the goals of the 
study, the procedures followed, and any conclusions that could be relevant for fur-
ther research.
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Fifth step: The bibliometric analysis identifies the published papers for the clay 
shale research by year and nation. Then, to display the most recent trends linked to 
the issue, generate the bibliometric map using VOSviewer.

Sixth step: Data extraction from the fifth step, which summarizes the objectives 
of the study.

Seventh step: Generate discussions for bibliometric evaluation.
Eighth step: This study’s concluding statement. 

 
FIGURE 2. The bibliometric review method
Source: own work.

The data was collected in the Scopus website system on 1 May 2023. Table 1 
shows the various keyword for this study. The first is “clay shale OR clay-shale”, 
with the output reaching 597 articles, while another specific keyword, such as “clay- 
-shale, slope”, generates 89 articles, and the last is “clay-shale, landslide”, with 
67 items.

TABLE 2. Generated keywords for this review

No Source Keyword Number of articles

1 Scopus “clay shale OR clay-shale” 597

2 Scopus “clay-shale, slope” 89

3 Scopus “clay-shale, landslide” 67

Source: own work.

The Scopus is used as a database version because of the open access factor. More-
over, the Indonesian regulation utilized the Scopus index as the key factor of the 
institutional performance index. An organization must decide based on institutional 
needs if it can only afford a systematic review (Burnham, 2006).

The timeline for searching for relevant documents began in 1980 as the pub-
lished year (Hobson, 1980). The measurement of the published research from 1980 
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to 2022 was the main goal of the search. The inquiry also included the most recent 
5 years of records, from 2018 to 2022. Review articles, research articles, confer-
ence proceedings, books, and book chapters that were written and published in 
English were all included in the search criteria. The file format for these digital 
resources is Research Information System (RIS), which makes it possible for cita-
tion management software to combine data with it.

Clay shale published research by year

The output of annual publication in the keyword “clay shale OR clay-shale” is 
shown in Figure 3. According to Figure 3, the oldest article was in 1980 and gener-
ally increased through the period’s end. Although the fluctuating condition occurs 
several times, the average use of a trendline as a control that shows the value of the 
rise is R2 = 0.843.

 
FIGURE 3. Research for clay shale by year of publication
Source: own work.

In terms of other keywords, namely “clay-shale, slope” and “clay-shale, land-
slide”, they have also been described in Figure 4. The result shows a similar trend to 
the previous one, the increasing value throughout the year. However, these 2 catego-
ries have different specific trendlines, depicted in R2 0.5275 and 0.3992. The lower 
R2 because the total article that smaller than the keyword “clay shale OR clay-shale”.
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FIGURE 4. Research for clay shale by year of publication with specific keyword
Source: own work.

Clay shale published research by country

Figure 5 shows the bibliometric evaluation in bar chart style and lists the top 
14 area of origin for the papers from the 1980–2022 collection that were searched.

 

FIGURE 5. Published article based on country with keyword “clay shale”
Source: own work.
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In general, the highest publication is from the United States (US) with 122 arti-
cles, and France has ranked fourteen with 11 publications. The number 14 is picked 
because of the big gap between the fifteen 15th range rather than the total number 
of another level. Another country is China with 87 items, Canada with 67 publica-
tions, Italy is 54 items, Switzerland with 35 publications, Russia with 27 numbers, 
Indonesia is 22 items, Australia is 21 items, Germany with 20 publications, Nigeria 
is 17 items, the United Kingdom 17 publications, India is 15 items, and Czech with 
15 items.

The analysis of another keyword produces different outputs based on the country 
published. The resulting detail of the keywords “clay-shale, slope” and “clay-shale, 
landslide” have presented in Figure 6. The highest article was published in Italy 
and was in a different location from the previous keyword, “clay shale OR clay- 
-shale,” with 26 and 27, respectively. Canada is the second level, with 16 and 8 items, 
respectively. 

 

FIGURE 6. Published article based on country with different specific keyword
Source: own work.

Moreover, the United States moved three positions with slope keywords in 
14 articles and 7 ones for the landslide category. Indonesia is the next level which 
describes the large gap among the 5–15 ranks with 10 and 5 publications. In addi-
tion, in two different keywords, the process shows the significant output for Georgia, 
Japan, Poland, Russia, and Slovenia that only have the keyword “clay-shale, slope” 
in their clay shale publication.
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Map of published research for the clay shale research

The bibliometric analysis using VOSviewer, based on the Scopus index from 
1980 to 2022, has been described in Figure 7 with 5,432 keywords and 308 meet 
the threshold. The input keyword is “clay shale OR clay-shale”. There are 5 clusters 
with different color.

First cluster presents the big keyword “clay shale” with blue color. This topic 
is linked with soil mechanics, foundations, and rocks. Furthermore, this category is 
connected with clay minerals, rock mechanics, and landslides.

Second cluster is green in color with the large topic being rock mechanics. 
This scope interconnects with anisotropy, excavation, and deformation. Moreover, this 
scope is connected with clay minerals and clay shale.

Third cluster is red in color with the theme of clay minerals which is linked to 
clay shale and rock mechanics. This section is interconnected with porosity, pore 
structure, and silica.

 
FIGURE 7. VOSviewer’s output map of published clay shale research 
Source: own work.
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Fourth cluster is landslides with a yellow presentation. This topic is intercon-
nected with rain, groundwater, and hydrogeology. In addition, this category is linked 
with clay shale only. Although it connects with deformation, there is no relationship 
along clay mineral, swelling and also rock mechanics.

Fifth is purple color with big theme is swelling. It is interconnected with per-
meability. Furthermore, this part is linked to clay shale and rock mechanics. How-
ever, there is no connection with the other section, namely landslides and clay 
minerals.

Map of published research for the clay shale slope research

The output of VOSviewer investigation with keyword “clay-shale, slope” 
has been depicted in Figure 8. According to Figure 8, the cluster is divided into 
3 criteria.

The first category is green, with clay shale being the main topic. It is inter-
connected with slope failure, stability analysis, and rock mechanics. Meanwhile, 
the clay-shale theme is linked to landslide and slope stability. However, the slope 

 

FIGURE 8. VOSviewer’s output map of published clay shale slope research
Source: own work.
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dynamic and deformation are excluded from this description. The second is a red 
color, with the big topic being landslides. It includes slope dynamics, deformation, 
rain, and groundwater. Also, this general topic is connected to clay shale and slope 
stability. The last color is blue, with the topic being slope stability related to all sub-
categories in this map.

Extrapolation of data from published research on clay shale

The collection of information from the most recent studies is accomplished by 
summarizing the main objectives, useful procedures, and significant findings that 
may be applicable to future research investigations on clay shale. Table 3 provides 
a summary of the most recent studies published from 2020 to 2023 that contained the 
keywords “clay shale” and combined by “landslide” and “slope”.

TABLE 3. Generated keywords for this review

Year Detailed description of the study Keyword

2023

This study proposed a methodology and evaluate the outcomes. Within a weathering 
clay shale and undisturbed clay shale, an interface direct shear test was conducted until 
its residual state. Using a two-day wetting-drying cycle, the weathering condition of 
the bottom clay shale is accomplished by soaking and drying the bottom of the sample. 
Results revealed dispersed values and distinct behavior for wet and dry conditions as 
weathering days increase. The wet condition increased cohesion, increased the average 
stress ratio, and decreased the friction angle. The lack of hydration decreased cohe-
sion, increased friction angle, and increased the average stress ratio (Sagitaningrum, 
Kamaruddin, Nazir, Soepandji & Alatas, 2023).

“clay-shale, 
slope”

2022

A series of triaxial compression experiments were performed on reconstituted clay 
shale specimens with normal consolidation. On the basis of laboratory results, an em-
pirical correlation for the secant entirely softened friction angle was derived for clay 
compositions with a plasticity index between 10 and 250% and an effective normal 
stress between 10 and 700 kPa.  Stability analyses of 63 first-time collapses of slopes 
in 38 geologic materials were used to investigate the field utilization of a secant totally 
softened friction angle. There are 45 slope failures with a portion of observed slip sur-
face at residual condition and the back-scarp generating fully softened shear strength, 
and 18 slope failures with the entire observed slip surface being fully softened (Mesri, 
Wang & Kane, 2022).

“clay-shale, 
slope”

2022

In the Apennines, tectonized clay shales are prominent. The poor mechanical properties 
of these structurally complex materials cause their sloping deposits extremely unstable. 
In fact, small mountain communities and the infrastructure that services them are con-
stantly at risk of becoming ineffective, requiring high maintenance costs. The analysis 
of the effects of slope movements on structures and individual artifacts is an especially 
difficult task that requires specific and targeted approaches. This paper examines the in-
teraction between the unsteady movement of slopes in tectonites clay shales and tunnels 
in a number of cases (Comegna & Picarelli, 2022).

“clay-shale, 
landslide”
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TABLE 3 (cont.)

2021

Investigations conducted primarily in the United Kingdom and Italy indicate that the ac-
cumulation of significantly positive excess pore pressures induced by the processes of 
undrained loading is the cause of these specific slope movements. In the case of tectonized 
clay shales, this interpretation warrants further investigation; in fact, given the structure 
and stress background of such overconsolidated deposits, the rise of high certain excess 
pore pressures is not an expected consequence of undrained loading. This research at-
tempts to interpret this not-so-minor aspect of the issue by providing experimental data 
that emphasize the high susceptibility of these soils to dramatic degradation due to chem-
istry changes in the pore fluid (Picarelli, Di Maio & De Rosa, 2021).

“clay-shale, 
slope”

2021

This study presents the findings of an extensive examination of the sluggish movements of 
two underground earthflows in the tectonized clay shales of the southern Apennines. The 
accumulated movements have caused extensive damage to structures and infrastructure 
over the years, resulting in significant social and economic costs. Since 2005, depth and 
superficial displacements, as well as pore water pressures, have been monitored; in some 
areas of the slope, inclinometers have been used to monitor displacements for roughly 
three decades. Utilize satellite interferometry to monitor the area. To mitigate this issue, 
the most granular analysis was performed on satellite data pertaining to regions where 
displacements and paths are definitely identified through inclinometers and GPS. The data 
confirmation allowed for the confident application of remote sensing results over a larger 
region. Consequently, images obtained by the COSMO-SkyMed satellite structure, sup-
plemented by the European remote sensing satellites (ERSs) data sets and Envisat data, 
enabled an analysis of the kinematic history of the urbanized area, even though inclinom-
eter displacement series were only available for limited periods (Vassallo et al., 2021).

“clay-shale, 
landslide”

Source: own work.

Discussion
The whole research about clay shale analysis is spread around the world. Amer-

ica, Europe, and Asia are the continents that dominate clay shale research. How-
ever, the landslide and slope issues in the clay shale subgrade are presented in 
different countries. Although the United States does the highest research on clay 
shale, the study about the slope of clay shale needs to be shown in this area. Italy 
has the biggest number of publications related to the clay shale slope. This result 
is suitable because Italy has the Apennines area that has a huge issue with clay 
shale, which provides research about clay shale slope investigations in the south-
ern and northern Apennines (Dondi, 1999; Veniale, Delgado, Marinomi & Setti, 
2002; Di Leo, Dinelli, Mongelli & Schiattarella, 2002; Picarelli, Urciuoli, Man-
dolini & Ramondini, 2006; Mongelli, Critelli, Dinelli, Paternoster & Perri, 2010; 
Cavalcante, Belviso, Piccarreta & Fiore, 2014; Bayer, Simoni, Mulas, Corsini 
& Schmidt, 2018; Costanzo, d’Onofrio & Silvestri, 2019; Smeraglia et al., 2021; 
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Squarzoni, Bayer, Franceschini & Simoni, 2020; Veniale, Pellegrino, Marinomi 
& Setti, 2023).

In terms of year of publication, 2 research studies about clay shale and clay shale 
slope have a similar trend. The number of articles increases slightly in the first year 
through 2010. In addition, after 2010 until the end of the period, this study goes up 
rapidly. These conditions happen because of the development of technology and sys-
tem that support the clay shale research and investigation. Furthermore, the need for 
an infrastructure construction project leads the engineer to deal with the clay shale 
issue as a subgrade site.

The output of the VOSviewer analysis has shown 5 clusters with different themes. 
The topic of the landslide has few links with other clusters, such as clay mineralogy 
and rock mechanics. Meanwhile, the strong link is only in deformation, slope stabil-
ity, and clay shale. These circumstances present a gap among these categories and 
require further study.

Regarding the result of the clay shale slope from VOSviewer, the output shows 
the domination of links among all clusters. Three clusters have been depicted in this 
analysis. In addition, the wide gap is described as a link between slope dynamics and 
other topics. This output means potential research is required to conduct dynamic 
force issues for clay shale slope study.

Conclusions
the article examines the published research on clay sale and clay shale slope study 

using bibliometric analysis. All of the results suggest the need for further investiga-
tion to fill the knowledge gap regarding clay shale, landslide, and clay mineralogy. 
Moreover, the clay shale slope has presented the need for further research about 
dynamic force and its deformation through clay shale slope analysis.
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Summary
A systematic review of clay shale research development for slope construction. 

The issue of stability controlling cutting slopes is particularly important in clay-shale slopes, 
a  typical expanding sedimentary layer with poor engineering geological conditions and 
mechanical characteristics. Therefore, research on the causes of failure and remedies for 
clay-shale cutting slopes is required to serve as an overview for handling and preserving 
clay-shale slopes in identical conditions. However, the trusted information about the need for 
further related clay shale research and clay shale in slope stability has yet to be specifically 
presented. This review study summarizes the published research for clay shale beginning 
in 1980, presents a bibliometric analysis to examine the published research based on year 
and country, and provides various study trends in cluster diagram using the VOSviewer pro-
gram. The analysis also summarized some key goals, effective methodology, and significant 
findings from the most recent studies to extract information from them that would benefit 
future research. In conclusion, the results show the need for developing research to fill the 
knowledge gap regarding clay shale, landslide, and clay mineralogy. In addition, the clay 
shale slope analysis has revealed the need for additional research into dynamic force and its 
deformation.
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Introduction
Nowadays, the inflation rate in the Czech Republic reaches two-figure digits which 

results in a great pressure on the increase in wages of the employees, both gener-
ally and in the construction industry. At the same time, the fact that some professions 
are highly specialized and there tend to be fewer professional workers in production, 
forces the construction companies to keep these professions as a part of their work-
force. This, however, entails increased costs per such worker and thus increased costs 
per construction contract. Every company monitors all production costs very carefully; 
however, it is also necessary to have a detailed overview associated with the labor costs 
on each construction contract, both the company’s own labor costs and the subcontrac-
tor’s labor costs. If wages or even other costs associated with employees increase, it 
could have a significant impact on the profitability of the contract.

The aim of the article is to quantify the total labor costs of the company in per-
cent. Moreover, it aims to show the labor costs on a construction contract both from 
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the terms of the company’s labor costs of its own employees and the subcontractors’ 
labor costs.

The construction industry represents one of the pillars of the country’s economy. 
It is a sector that is closely connected to the development of the territory, including 
environmental impacts. Construction productivity is very important for the growth of 
the national economy and plays a significant role in the industry by Naoum (2016). 
It contributes to the development of the territory by expanding infrastructure, cre-
ating conditions for the development of the economy and the associated increase in 
jobs during the construction period in the region together with investment construc-
tion by the Stavebnictví České Republiky 2019 (2020). 

The construction sector provides employment for a wide range of the population 
in terms of education, being able to absorb workers with lower or different qualifica-
tions. The construction sector employs 8% of the total number of persons employed 
in the Czech Republic. It provides jobs for foreign minorities, whose employment 
in the Czech construction sector is currently crucial for the smooth and economical 
operation of construction companies due to the shortage of domestic workers. This 
reflects the normal operation of the construction industry in the world by Jang, Kim, 
Kim and Kim (2011), and Smart Stavebnictví (2012). According to Rabušić (2001), 
the biggest benefit of such migration is the taxes that immigrants working in the 
Czech Republic have to pay on their income.

According to Šimková (2016), the importance of migration in the construction 
sector is that foreign workers are willing to work in worse conditions with lower 
financial remuneration. Moreover, the construction sector faces the issue of labor 
productivity as one of the biggest problems. There are several factors related to pro-
ductivity, one of them being the lack of motivation, where one of the main moti-
vation tools is the financial reward of workers in Hamza, Shahid, Bin Hainin and 
Nashwan (2022). Although motivation in the form of financial remuneration is 
directly reflected in an increase in labor costs, its increase is also directly linked to 
an increase in labor productivity. Thus, it can be stated that the work productivity 
increases with the increase of the labor costs in Chen, Wu and Van Ark (2009).

Companies are constantly struggling with their labor costs. On the one hand, 
some companies value their employees more and thus have more benefits to moti-
vate them which is associated with higher costs, and on the other hand, some com-
panies pay only what is required by the state’s labor laws. The composition and 
magnitude of the companies’ labor costs of  own employees varies from company 
to company. In the case of contracted outsourced workers, companies have only one 
total cost to pay the hired person only for the work done.
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According to the Czech Ministry of Industry and Trade (MIT CZ, 2023), labor 
costs in the period under observation 2016–2020 amounted to 13.60% on average in 
relation concerning the sales revenues for the construction sector (Table 1). Labor 
costs include the sum of wage costs per employee, compulsory social and health 
insurance and other costs related to, for example, employer contributions to life 
insurance or pension schemes.

TABLE 1. Percentage of labor costs to sales revenue from profit and loss statement from 2016 to 2020 
period 

Specification 2016 2017 2018 2019 2020

Labor costs [%] 13.87 13.96 13.40 13.35 13.46

Wage costs [%] 10.01 10.86 9.51 9.49 9.51

Social and health insurance costs [%] 3.58 3.89 3.63 3.62 3.96

Other costs [%] 0.29 0.32 0.25 0.25 0.16

Source: own work according to MIT CZ (2023).

The above-stated values are taken from construction companies of various sizes 
operating in the Czech Republic. On average, 32 construction companies entered this 
analysis for the period 2016–2020. The above-stated costs are classified according to 
the profit and loss statements, which is are determined by Act No. 563/1991 Coll. on 
accounting. As mentioned earlier, Labor costs form the sum of the following:
–	 wage costs including wages under an agreement to perform work or under agree-

ments to complete the job,
–	 social and health insurance costs, which in the Czech Republic amount to 33.8% 

of gross wages,
–	 other costs incurred in connection with the payment of life insurance or pension 

contributions or costs associated with food allowances, etc.

A wage is a reward for work done, i.e., the price of work. Act No. 1/1992 Coll. on 
wages states that it is a monetary remuneration or remuneration of monetary value 
provided by an employer to an employee in return for work.

It is provided to the employee according to 3 indicators, namely according to 
the complexity, responsibility and difficulty of the work (assessment according 
to the education, knowledge and skills needed to perform the work), according to 
the difficulty of the working conditions (it means the division of working time, for 
example, into shifts, or work at night, on holidays, the risk level of the working envi-
ronment is also taken into account) and according to the work performance and the 
results achieved (the main point is the quality of the work performed).
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The basis of the remuneration system is the wage regulations. They are divided 
into legal norms at the state level and at the internal company level. The defining 
legal standard is Act No. 262/2006 Coll. Labor Code. Other important legal stan-
dards influence the working environment and remuneration in the Czech Repub-
lic. These are mainly government laws and regulations: Act No. 435/2004 Coll. on 
employment, Act No. 2/1991 Coll. on collective bargaining, Act No. 592/1992 Coll. 
on general health insurance contributions, Act No. 589/1992 Coll. on social security 
contributions and contributions to the State Employment Policy, Act No. 586/1992 
Coll. on income tax, as amended, Act No. 110/2019 Coll., on the processing of 
personal data, Government Regulation No. 567/2006 Coll. on the minimum wage 
and Government Regulation No. 531/2021 Coll. on salary rates in Public Services 
and Administration. Each company may have its own internal regulations for reward-
ing and motivating its employees.

The wage costs of a company consist primarily of the sum of the gross wages 
of all employees plus the social and health insurance paid by the employer on 
behalf of the employees. The gross wage is calculated by adding the basic wage 
and the variable wage. Under current legislation, the social insurance paid by the 
employer on behalf of the employee is 24.8% of the gross wage and the health 
insurance is 9% of the gross wage according to Act No. 592/1992 Coll. and Act 
No. 589/1992 Coll.

Although these costs are high, there are other costs associated with the employ-
ees; mainly costs related to education and mandatory training of employees, man-
datory liability insurance of the company, compensation for sick leave, purchase 
of protective equipment and equipment for employees, medical allowances, bonus 
system – e.g. food allowances, contributions to retirement savings, recreational 
allowances, etc. However, the company does not have all these additional costs if it 
hires an external company or a tradesman to do the work. There is a constant deci-
sion-making process in every company whether it is more economically advanta-
geous to employ a worker or just to use the work of external subcontractors.

Currently, a high inflation rate is one of the parameters affecting wage growth. 
It is evident, based on the studies carried out, that the rise in prices in the society 
puts pressure on the increase of wages. This fact is mainly proved by the correla-
tion between the growth of the price level and the level of wages in the economy 
by Darrat (1994).  However, it has to be taken into account that in most cases this 
is a reaction to the currently rising inflation. Therefore, as inflation rises, wages 
rise, but the rise in wages is slower and more gradual than the rise in the price level 
Domash and Summers (2022), and Jordà and Nechio (2023) too. It must also be 
taken into account that wage increases do not necessarily lead to higher productivity, 
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but may only keep workers productive at the same level in Cruz (2023). This espe-
cially applies if there is an increase in the price level in the economy.

The Czech Statistical Office (CSO) publishes an overview of retrospective data 
from the field of labor market statistics. The data was obtained from surveys of 
economic entities or from administrative sources. The survey of economic entities 
is carried out depending on the number of employees, either by comprehensive or 
sample surveys. In the case of a sample survey, the transformation to the base set 
is carried out on all active units included in the CSO register of economic enti-
ties. The overview contains the development of the most important indicators in 
the sectoral and territorial classifications. The sectoral classification is based on 
the “Classification of Economic Activities CZ-NACE”, valid since 1 January 2008, 
which fully corresponds to the international classification NACE Rev. 2 at the 
reported level. The territorial classification is made according to the CZ-NUTS 
classification, which is in accordance with the Regulation of the European Parlia-
ment and the Council of Europe on the establishment of a common classification of 
territorial units for statistics (NUTS).

Wages rise as the productivity of the economy rises. The evolution of average 
wages for the whole economy and the construction sector in the Czech Republic 
from 2005 to 2022 can be seen in Figure 1.
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FIGURE 1. Development of average wage in all sectors/construction sector in the Czech Republic 
(1 EUR = 24.50 CZK)
Source: own work according to CSO (2023).
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The development of the average wage in the Czech construction industry has 
been lower than the average wage in the economy as a whole over the entire period. 
This difference has been gradually increasing over time. Whereas in 2005 the dif-
ference was around 9%, in 2022 it is already almost 12%. This disparity can be 
explained mainly by the significantly increasing wages in sectors of the economy 
such as banking, information technology and logistics, where wages are rising faster 
than in the construction sector.

Looking specifically at the South Moravian Region, where the company used in 
the case study in this article is located, it can be found that the average wage in its 
construction sector essentially mirrors the average wage in the construction sector 
in the whole country. This can be seen in Figure 2.
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FIGURE 2. Development of average wage in the construction industry in the Czech Republic and the 
South Moravian Region (1 EUR = 24.50 CZK) 
Source:  own work according to CSO (2023).

Material and methods
Mainly analytical methods were used in the case study, which deals with the 

determination of labor costs in a construction company and a construction contract. 
These analytical methods were applied to the basic financial statements, namely the 
profit and loss statement. As part of the introduction to the case study, the observed 
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period was selected, namely the period 2016–2020. For further detailed analysis 
of labor costs in the company, 2019 was chosen as a sample year, due to the stable 
reporting of these costs.

The accounting statements like profit and loss statements were used for the case 
study, this statement can be referred to as income statement. This statement records the 
income and expenses associated with the operating and financial areas of the entities.

The financial analysis method used in the case study was the vertical method. 
This method belongs to the elementary methods that are commonly used in the 
financial management of companies. Vertical analysis is based on the percentage 
representation of a given item to the total item. The formula of vertical analysis can 
be expressed as follows:

100. research quantitydetermination of  percentage
basic quantity

	 (1)

An arithmetic average was established to determine the value of the monitored 
items according to the formula below:

1 1 1
1 1( ...  ) .      n

n i ix x x x xn n 	 (2)

The median was determined for the relevance of the outcome of the monitored 
items as follows:

Me(X) = x(N + 1)/2	 (3)

In the case study, the methods described above were used in the following steps:
1.	 Vertical analysis was used in the cost analysis from profit and loss statements for 

the 2016–2020 period.
2.	 Individual analysis is used to quantification of all labor costs from the internal 

company documents for the year 2019.
3.	 The product of the wage rates and the number of hours worked is used to analysis 

of labor costs for a specific contract of the given company.
4.	 Final evaluation of the findings.

Results and discussion
The case study focuses on the analysis of the labor costs in a selected construction 

company. The period researched from the perspective of the whole company was the 
2016–2020 period. The determination of the labor costs directly on the construction 
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contract was dated to 2019. The determination of the case study directly in the con-
struction company was conditioned by the willingness of the company to cooperate 
and provide internal company information.

The research into the labor costs of the company was carried out in the following 
steps:
1.	 Cost analysis from profit and loss statements for the 2016–2020 period.
2.	 Quantification of all labor costs from the internal company documents for the 

year 2019.
3.	 Analysis of labor costs on a specific contract of a given company.
4.	 Final evaluation of the findings.

The labor costs are described in the case study using a real medium-sized con-
struction company and its specific real contract. The construction company is based 
in the South Moravian Region of the Czech Republic (the Czech Republic is divided 
into 14 regions). The average sale revenues of the selected construction company are 
about CZK 400 million. The construction company employs about 130 employees. 
They are divided into production workers and technical and economic employees in 
the ratio of about 80 production workers and 50 technical and economic employees 
(percentage ratio is 62 : 38).

Workers are defined as those employees who are directly involved in the produc-
tion process. Their work is predominantly physical and involves the use of tools. The 
result of the work of such a worker may be material goods or their repair or mainte-
nance. A worker is for example a welder, a bricklayer, a roofer, etc.

Technical and economic employees are known as administrative staff, most often 
with a vocational or technical background. They operate mainly in the administration 
and management departments of a company. A technical and economic employee is 
for example the director himself, a secretary, an accountant, an economist or a bud-
geter, etc.

Input values to the analyses come from the financial statements of the accounting 
units (entities), which contain two basic financial statements, namely the profit and 
loss statement and the balance sheet, i.e. the balance sheet of assets and sources of 
coverage of these assets. The specification of these documents is determined by Act 
No. 563/1991 Coll. on accounting. They are published by the Ministry of Justice on 
its website.

Firstly, the profit and loss statement from the 2016–2020 period was used to 
determine data related to the company’s sales remuneration and labor costs, which 
consist of wage costs, social and health insurance paid by the employer on behalf of 
employees and other personnel costs. This can be seen in Table 2.
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TABLE 2. Revenues and personnel costs of the company from 2016 to 2020

Specification 2016 2017 2018 2019 2020

Sales revenues [thous. CZK] 252 573 345 142 422 279 481 309 441 835

Labor costs [thous. CZK] 51 158 54 877 56 648 60 238 63 778

Wage costs [thous. CZK] 36 901 39 381 41 261 43 830 46 186

Social and health insurance costs [thous. CZK] 12 320 13 183 13 793 14 655 15 366

Other costs [thous. CZK] 1 937 2 313 1 594 1 753 2 226

Source: own work according to MJ CZ (2023).

The data obtained shows that the share of labor costs in the company’s sales reve-
nues is 15.30% on average in the given years. The share of social security and health 
insurance and other costs in wages was also analyzed, i.e., how much the employer 
has to pay the employee in addition to his gross wages. The average figure for the 
period was determined to be 38.16%. See Table 3 for details.
TABLE 3. Observed shares for the years 2016 to 2020
Specification 2016 2017 2018 2019 2020 AVG Me

Share of labor costs on sales revenues [%] 20.25 15.90 13.41 12.52 14.43 15.30 14.43
Share of insurance and other costs on wage 
costs [%]

38.64 39.35 37.29 37.44 38.09 38.16 38.09

Source: own work.

Labor costs are not just wage costs but consist of several items. A very important 
part represents the compulsory health and social insurance paid by the employer on 
behalf of the employee, as well as all training, travel and meal allowances, various 
compensations, etc. All such other costs are shown in Table 3. It contains all the 
employee-related costs of the company for the year 2019. The labor costs in Table 4 
were determined based on a discussion with the construction company’s economist 
where these costs were identified in the accounting records, analyzed and a sum-
mary value was determined. The value of labor costs identified in Table 4 is not 
broken down into costs related to workers and technical and economic employees. 
The workers likely have lower wages than the salaries of the technical and economic 
employees. It is important to show that the personnel costs do not consist solely of 
wage costs, health and social insurance costs, and other costs (Table 2), but also 
of costs that enter the profit and loss statement under other cost items and that can 
only be identified personally.

The individual labor costs per employee for 2019 were quantified in Table 5 
based on the information. Table 5 shows that the ratio of the sum of social and health 
insurance costs and other costs to the total wage costs is 53.66%.
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The ratio Ʃ of social and health insurance costs to wage costs = 23,262,298.70/ 
/43,352,832.00 = 53.66%.

The above-stated data shows that this construction company must add to its wage 
costs 53.66% of these costs to get the total labor costs. These costs, quantified as 
a percentage share, are reflected within the overhead costs in the cost of the con-
struction contract.

TABLE 4. Labor costs for 2019

Type of cost
Value 
[CZK]

Wage costs 43 352 832.00

Travel – construction contracts 834 989.40

Fares – TES 678.02

Travel – meals 1 485 571.00

Training, occupation safety and health 604 259.30

Services – workers’ compensation 3 104 413.00

Compensation – doctor 398 059.00

Statutory social insurance 10 763 332.00

Statutory health insurance 3 892 259.00

Supplementary pension scheme – employer’s contribution 208 400.00

Other social costs 65 672.54

Liability insurance – company 443 756.52

Statutory social costs 1 460 908.92

Total labor costs per year 66 615 130.70

1 EUR = 24.50 CZK.

Source: own work according to Bellayova (2020).

TABLE 5. Summary of labor costs per employee for 2019

Type of cost
Costs
[CZK]

Labor costs 66 615 130.70

Wage costs 43 352 832.00

Social and health insurance 14 655 591.00

Other costs 8 606 707.70

1 EUR = 24.50 CZK.

Source: own work.
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In the next section, the study focused on quantifying the labor costs on a specific 
construction contract involving the renovation of a single-family house. The renova-
tion took place at the turn of 2019/2020. This contract involved both the company’s 
own employees and subcontractors. The subcontracts involved roof repairs, the sup-
ply and installation of UPVC windows and plumbing. Other work was carried out by 
the company’s employees. The total cost of the contract was 950,000 CZK. All the 
invoices related to the work of the subcontractors, as well as the statements of work 
of its own employees who had participated in the contract, were obtained from the 
company’s accounts.

Table 6 quantifies the direct wage costs of the contract. The wage costs were 
determined from accounting data as the product of the actual hours worked by the 
employee and his hourly rate of pay, i.e. the time wage. Various employees with 
different wage rates and different working hours worked on the contract during con-
struction. The amount of costs for direct wages was found to be 116,285 CZK from 
the accounting statements. However, if we require to quantify the total labor cost of 
the company’s own employees, it is necessary to add all other costs, the percentage 
of which has been determined and declared in Table 5.

The total cost of subcontracting was determined from the invoices received and 
from the purchase orders provided by the company. It was possible to allocate the 
amount on material and labor costs of the individual subcontracted companies from 
a detailed description of the individual invoices and consultation with the economist 
of the selected construction company. When invoices do not include material costs, 
a tradesman was hired only for work. The company uses piecework pay for subcon-
tractors or tradesmen hired. Most of the time, it is up to the contractor to decide how 
to charge for the work. For example, for earth or demolition work, the unit is m3 and 
the corresponding unit price. Detailed description can be found in Table 7.

TABLE 6. Total company’s labor costs on own employees on the contract

Document type Number of hours Wage rate
Amount 

[CZK]
Work timesheet – employees 4.00 160.00 640.00

Work timesheet – employees 26.00 160.00 4 160.00

Work timesheet – employees 58.25 160.00 9 320.00

Work timesheet – employees 54.00 160.00 8 640.00

Work timesheet – employees 35.00 159.00 5 565.00

Work timesheet – employees 19.00 155.00 2 945.00

Work timesheet – employees 46.00 159.00 7 314.00
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TABLE 6 (cont.)
Work timesheet – employees 51.00 160.00 8 160.00

Work timesheet – employees 28.00 164.00 4 592.00

Work timesheet – employees 16.00 164.00 2 624.00

Work timesheet – employees 12.00 164.00 1 968.00

Work timesheet – employees 30.50 200.00 6 100.00

Work timesheet – employees 33.00 160.00 5 280.00

Work timesheet – employees 3.00 159.00 477.00

Work timesheet – employees 42.50 160.00 6 800.00

Work timesheet – employees 54.00 164.00 8 856.00

Work timesheet – employees 10.00 160.00 1 600.00

Work timesheet – employees 16.00 157.00 2 512.00

Work timesheet – employees 35.00 160.00 5 600.00

Work timesheet – employees 70.00 160.00 11 200.00

Work timesheet – employees 35.00 160.00 5 600.00

Work timesheet – employees 36.45 160.00 5 832.00

Total direct labor costs on the contract 116 285.00

Other labor costs (53.66% of direct wages) 62 398.53

Total labor costs per employee on the contract 178 683.53

1 EUR = 24.50 CZK.

Source: own work according to Bellayova (2020).

TABLE 7. Subcontractors’ labor costs on the contract

Document type Subcontract type
Total amount 

[CZK]
Material costs 

[CZK]
Labor costs

[CZK]
Invoice received Construction work 14 700 0 14 700

Invoice received Roof repair 32 425 18 725 13 700

Invoice received Delivery and installation of plastic elements 101 818 78 820 22 998

Invoice received Supply and installation of piping 32 717 15 425 17 292

Invoice received Demolition and earthworks 31 500 0 31 500

Invoice received Earthworks and demolition work 19 200 0 19 200

Invoice received Earthworks 1 950 0 1 950

Invoice received Construction work 2 250 0 2 250

Total   236 560 112 970 123 590

1 EUR = 24.50 CZK.

Source: own work according to Bellayova (2020).
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The total labor cost on the contract can be determined by summing up all compa-
ny’s own employees’ labor costs and subcontractors’ labor costs (Table 8).

It was calculated from the information obtained from the profit and loss state-
ment for the years 2016 to 2020 of the selected construction company that the share 
of labor costs of the company in the sales revenue was 15.30% on average and that 
the share of social and health insurance and other costs in labor costs is on average 
38.16%. However, it was subsequently found from the internal data of the company 
that the actual share of compulsory insurance (social and health insurance) and other 
wage costs forms 53.66% of the wage costs of the company which is a significantly 
higher amount.

TABLE 8. Labor costs on the contract

Type of costs Amount

Own employees’ labor costs [CZK] 178 683.53

Subcontractors’ labor costs [CZK] 123 590.00

Total labor costs [CZK] 302 273.53

Total cost of the contract [CZK] 950 000.00

Share of labor costs on the contract price [%] 31.82

1 EUR = 24.50 CZK.

Source: own work.

It was possible to quantify the total labor cost of the contract thanks to the labor 
information obtained from the subcontractors’ invoices, which was found to be 
31.82% of the contract price. This figure is more than double the assumed proportion 
of labor costs from the company’s profit and loss statement.

Conclusions
The paper aimed to quantify all the labor costs in the company and to show the 

labor costs on a construction contract, both in terms of own employees’ labor costs 
and subcontractors’ labor costs. This is important information for any company in 
times of rising wages and other costs due to huge inflation.

The data was obtained from publicly available sources – from accounting state-
ments mandatorily published on the website of the Ministry of Trade and Industry, 
and from internal information in a medium-sized construction company. All employ-
ee-related costs were collected and analyzed. Furthermore, the specific construction 
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contract was analyzed so that the work of subcontractors and tradesmen hired for 
specific works was quantified.

This allowed us to accurately quantify the total labor costs in the company, which 
is more than double the figure from the accounting statements. The profit and loss 
statement of the selected construction company, on which the case study was based, 
shows that the average percentage representation of labor costs, which include wage 
costs and social and health insurance costs, is 15.30%. However, when all costs 
associated with employees as a labor force are identified in detail, it is evident that 
the total labor costs represent 31.82% of the sales remuneration. It results in doubled 
the value.
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construction company, on which the case study was based, shows that the average percent-
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costs, is 15.30%. However, when all the costs associated with employees as a labor force are 
identified in detail, it is evident that the total labor costs represent 31.82% of the sales remu-
neration. It results in the doubled value.
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Introduction
The issue of traffic noise constitutes a critical concern and a pervasive transpor-

tation challenge in urban areas, primarily driven by the rapid growth of motorized 
vehicles. This is also stated by Shvetsov (2021) that the noise level in modern cities 
continues to increase every year, primarily attributed to motor vehicles on highways. 
At certain intensities, this auditory intrusion can detrimentally affect the well-being 
and comfort of people in settlements, as well as road users themselves. Recent data 
indicates an annualized growth rate of 3% in motorized vehicles over the past three 
years in Indonesia (Kepolisian Republik Indonesia, 2021). Paradoxically, this surge 
in vehicles is not proportionately matched by the development of the road infrastruc-
ture, with the road growth rate languishing at a mere 0.6% per annum (Kementerian 
Pekerjaan Umum dan Perumahan Rakyat, 2021).
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This lopsided growth dynamic creates problems that permeate the transporta-
tion system’s comfort, notably manifesting as traffic congestion. Simultaneously, 
the escalating prevalence of motorized vehicles contributes to the degradation of 
environmental quality, with noise pollution emerging as a prominent byproduct. 
In the urban milieu, evading traffic noise has become a challenging feat (Kim 
et al., 2012). Despite the numerical preponderance of two-wheeled vehicles, it is 
the light vehicles that emerge as the principal contributors to noise pollution in 
urban areas, even when their numerical representation is dwarfed by that of two- 
-wheeled vehicles in Indian urban settings (Agarwal & Swami, 2011).

As the capital of Southeast Sulawesi Province and a major city in Indonesia, 
the city of Kendari is poised to grapple with noise phenomena similar to devel-
oped countries and other major urban centers. Prior research in control locations 
has discerned noise levels reaching 75 dB (Lakawa, Sufrianto & Jusrin, 2021). 
This aligns with preliminary observations at various points in the by-pass ring 
road area of the city of Kendari, identifying noise levels peaking at 73 dB, sur-
passing the noise threshold stipulated in Indonesia (KEP-48/MENLH/11/1996).

Thus far, information on traffic noise distribution on highways has predominantly 
relied on numerical data, portraying trend descriptions that might not be readily 
comprehensible to the wider public. Moreover, the delineation of noise distribution 
across various land uses, particularly in the city of Kendari, remains an unexplored 
territory. This study seeks to address these gaps by presenting traffic noise variables 
as vector data, translating points of noise elevation into digitized representations. 
This approach aims to visually articulate information on traffic noise exposure.

The by-pass ring road in the city of Kendari connects the city center with the 
developing hinterland areas on the outskirts. Sections of this ring road include 
Edi Sabara Street, M. Joenoes, MT. Haryono, AH. Nasution, Malaka, ZA Sugi-
anto, and Tapak Kuda. These road segments experience heavy motor vehicle 
traffic, leading to occasional congestion at specific hours. This situation has the 
potential to escalate traffic noise levels on the highways. The key question is the 
extent of traffic noise intensity and its distribution in the by-pass ring road area. 
In light of these considerations, a study was conducted in the by-pass ring road 
area of the city of Kendari. The research aims to determine roadside noise levels, 
predict noise exposure in land use, and map the distribution of noise.

Material and methods
Transportation challenges in urban areas encompass a spectrum of issues, includ-

ing traffic congestion, parking, public transportation, pollution, and traffic order. While 
considerable attention is often directed toward mitigating traffic congestion, an equally 
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crucial concern stems from the noise generated by motorized vehicles on highways, 
known as traffic noise. Existing prediction models for traffic noise on collector roads 
incorporate independent variables such as vehicle volume, motorcycle speed, light vehi-
cle speed, heavy vehicle speed, and noise measurement distance (Wedagama, 2012).

Numerous international studies highlight that highways constitute the primary 
source of noise in urban areas. This prevalence arises from the extensive use of motor-
ized vehicles, including two-wheelers, four-wheelers, and those with more than four 
wheels. Notably, heavy vehicles (trucks, buses) and passenger cars emerge as the pri-
mary contributors to road noise, with motorcycles dominating at 60% (Mondal, 2013).

Predicting traffic noise extends beyond vehicle-related variables, encompassing 
traffic parameters, road characteristics, environmental conditions, weather variables, 
and residential parameters. Noise prediction involves not only vehicle volume and 
the percentage of heavy vehicles, but also factors like average vehicle speed and road 
conditions such as height, width, and gradient (Tripathi, Mittal & Ruwali, 2012). 
The level of traffic noise is further influenced by the distance between the noise 
source and the receiver, with an average reduction of 1.3 dB as the distance increases 
(Handayani, Rahadi & Hadiani, 2016). According to Lakawa, Hujiyanto and Hary-
ono (2023), the parameters triggering urban traffic noise include traffic factors such 
as vehicle volume, speed, density, and vehicle composition. Physical road factors 
encompass superelevation, gradient, road width, road type, and road surface condi-
tions. Environmental road factors include building density, tree density, leaf volume, 
ground surface type, and air temperature. However, from a different perspective, 
Kuehnel, Moeckel and Ziemke (2021) argue that responses to noise exposure differ 
between high and low-income households.

Despite the prevalence of road noise, comprehensive studies addressing its mul-
tifaceted nature have been limited. The intricacies lie in the diverse sources contrib-
uting to road noise, with heavy vehicles, constituting 4%, playing a crucial role on 
arterial roads but demonstrating lesser significance on collector roads, where their 
composition is 3%. In these settings, noise is more prominently influenced by motor-
cycles and light vehicles (Lakawa, Samang, Selintung & Hustim, 2015). The disper-
sion of noise exposure on highways occurs in all directions, involving absorption, 
transmission, and reflection.

International studies have leveraged advanced technologies to predict and address 
traffic noise. In Korea, a study utilized SoundPLAN software to predict noise dis-
tribution and facilitate noise reduction initiatives during and after road construc-
tion projects. The results revealed that increased traffic volume due to industrial 
area development had a more substantial impact on the surrounding area than on 
the industrial zone itself (Jeong, Din, Otsuru & Kim, 2010). Sotiropoulou, Karagi-



395

Lakawa, I., Syamsuddin, Hujiyanto, Ilham, V. A. (2023). Noise mapping due to motor vehicle 
activities in the by-pass ring road area of the city of Kendari. Sci. Rev. Eng. Env. Sci., 32 (4), 
392–406. DOI 10.22630/srees.5550

annis, Vougioukas, Ballis and Bouki (2020) conducted measurements and predic-
tions of traffic noise in front of high-rise buildings in Athens using the calculation 
of road-traffic noise (CRTN) method. They found a high consistency between the 
predicted and measured noise levels. This model is suitable for predicting traffic 
noise in front of tall buildings during the planning and design phases.

Similarly in Surat, India, traffic noise mapping was conducted using the RLS-90 
computer simulation model, integrating noise data, road inventory, geometric fea-
tures, vehicle volume, speed, and meteorological data. The approach allowed for the 
incorporation of horn correction values to assess heterogeneous traffic conditions 
(Sonaviya & Tandel, 2020).

Novel methods, such as utilizing Google API for traffic flow data, have been 
employed to predict noise levels in Rome and Pisa. The BPR model estimated traffic 
volume, and the resulting noise mapping generated conventionally and from big 
data, offered valuable insights (Licitra, Moro, Teti & Del Pizzo, 2021). In the Delhi 
region, India, digital maps generated through optimization techniques illustrated 
horizontal and vertical noise level profiles with variations in measurement distances 
(Akhtar, Ahmad & Gangopadhyay, 2012).

A road traffic noise model developed using a graph theory approach, incorpo-
rating variables like vehicle speed, traffic volume, road width, the number of heavy 
vehicles, and horn sound, has demonstrated satisfactory performance. Despite 
slightly elevated results, this method proves effective in predicting future noise lev-
els (Gilani & Mir, 2021).

Based on the research objectives of obtaining roadside noise levels, predicting noise 
exposure in land use, and mapping the distribution of noise in the area, the data collection 
activities are systematically conducted following survey procedures. Stage 1 involves 
the identification and analysis of traffic data. The survey is carried out at 11 points in 
the by-pass ring road area of the city of Kendari (Fig. 1), with observation times of 
10 min·h–1. The observation time is set at 10 min based on the noise survey procedures 
(KEP-48/MENLH/11/1996). Location selection is varied to represent various land use 
types along the road, such as settlements, commercial, services, and school areas.

The identification and analysis of noise levels aims to obtain existing traffic noise 
values at the roadside. The noise survey is carried out simultaneously with the traffic 
survey, utilizing a sound level meter (SLM) for noise measurement (Fig. 2). Addi-
tionally, field coordinates are digitized during this stage. The existing noise data are 
then analyzed using mathematical equations. The final stage involves mapping the 
noise distribution using an overlay approach in ArcGIS. In the mapping process, noise 
values are treated as elevation points, and colors are assigned based on noise interval 
levels. This method provides a visual representation of noise levels across the area. 
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FIGURE 1. Observation point locations
Source: own work.

FIGURE 2. Noise measurement scheme
Source: own work.
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Integral to this investigation is the establishment of a threshold value for noise 
levels. This value represents the maximum allowable noise limit to be emitted into 
the environment without causing health disturbances for humans and environmental 
discomfort. The calculation of the equivalent noise level (Leq) was conducted using 
the following equation:

Leq = L50 + 0.43(L1 – L50),	 (1)

where: Leq is the equivalent noise level [dB], L50 is the 50% noise percentile [dB], 
and L1 is the 1% noise percentile [dB].

The values of L50 and L1 are obtained from the readings of the SLM during the 
survey, according to the following equation:

Leq2 = Leq1 – 10log(r2/r1),	 (2)

where: Leq2 is the noise level at r2 distance from the center of the road noise source 
[dB], Leq1 is the noise level at r1 distance from the center of the road noise source 
[dB], r1 is the distance from the noise source to the SLM measuring position [m], and 
r2 is the distance from the noise source to the building wall [m].

The threshold value for noise levels represents the maximum permissible limit 
of noise released into the environment, aiming to prevent health risks and ensure 
environmental comfort. Table 1 outlines the noise standards in Indonesia, referring 
to the Minister of State for the Environment of the Republic of Indonesia’s decree 
KEP-48/MENLH/11/1996.

TABLE 1. Noise level quality standard

Type of land use
Noise level standards

[dB]

1. Appropriation of region

a) housing and settlements 55

b)trade and services 70

c) office and commerce 65

d) green open space 50

e) industry 70

f) government and public facilities 60

g) recreation 70



398

Lakawa, I., Syamsuddin, Hujiyanto, Ilham, V. A. (2023). Noise mapping due to motor vehicle 
activities in the by-pass ring road area of the city of Kendari. Sci. Rev. Eng. Env. Sci., 32 (4), 
392–406. DOI 10.22630/srees.5550

TABLE 1 (cont.)
h) specifically

– airport*
– railway station*
– harbor
– cultural heritage

70
60

2. Surrounding activity

a) hospital or the like 55

b) school or the like 55

c) worship place or the like 55

*In accordance with the regulations of the Minister of Transportation PM 62/2021 and PM 175/2015.

Source: Minister of State for the Environment of the Republic of Indonesia’s decree KEP-48/ 
/MENLH/11/1996.

Results and discussion
The study focuses on traffic volume, particularly the number of motorized vehi-

cles traversing the by-pass ring road area, serving as a vital connection to developing 
suburban regions (Fig. 3). Calculations are based on observed vehicle counts at var-
ious locations during the study period, converted into passenger car units per hour 
[pcu·h–1].

Notably, the highest vehicle volume is recorded on ZA Sugianto Street at 
2,734 pcu·h–1, followed by MT. Haryono Street (1,937 pcu·h–1), M. Joenoes Street 
(1,868 pcu·h–1), Edi Sabara Street (1,630 pcu·h–1), Malaka Street (1,375 pcu·h–1), 
Tapak Kuda Street (1,300 pcu·h–1), and the lowest on AH Nasution Street 
(1,229 pcu·h–1). Motorcycles dominate the composition at 68%, followed by light 
vehicles at 27%, and heavy vehicles at 5%. Peak traffic hours vary; MT Haryono and 
AH Nasution streets peak in the morning, Edi Sabara and Brigjen M. Joenoes streets 
peak during the day, while Malaka, ZA Sugianto, and Tapak Kuda streets peak in 
the evening. Notably, motorcycle compositions in medium and large cities typically 
range from 60–70%. Survey results include the coordinates of each location (refer to 
Table 2), while Leq noise values are obtained using Equation (1).

Figure 4 illustrates that traffic noise levels along the by-pass ring road surpass the 
environmental noise threshold outlined in the Minister of State for the Environment 
of the Republic of Indonesia’s decree (KEP-48/MENLH/11/1996) for settlements/ 
/school, office, and commerce/service areas. The average noise level on the highways 
is 76 dB, with the level reaching the receiver at 67 dB, indicating an average noise 
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reduction of 9 dB. The average distance from the receiver to the noisy road source is 
14 m, resulting in a noise reduction of 2 dB·m–1. Noise levels are influenced by land 
use, with the commerce area exhibiting the highest noise levels, followed by service 
and school areas, and the lowest in front of settlement areas. These variations are 
intricately linked to the activities associated with each land use (Table 3).

FIGURE 3. Volume traffic on seven regional roads traversing the by-pass
Source: own work.

TABLE 2. Point coordinates and noise values

Street name
Location 

code
Point 1 (1 m from the roadside)

Noise level 
[dB]

coordinate east longitude south latitude L1 L50 Leq

Jl. Edi Sabara T.1 1183 122° 31' 30.54" E 3° 58' 29.60" S 81.9 71.7 75.7

Jl. M. Joenoes T.2 1185 122° 31' 21.90" E 3° 58' 47.43" S 84.4 73.1 78.0

Jl. M. Joenoes T.3 1187 122° 31' 11.91" E 3° 59' 8.55" S 88.4 72.6 79.4

Jl. M. Joenoes T.4 1189 122° 30' 53.22" E 3° 59' 25.00" S 85.2 72.2 77.8

Jl. MT. Haryono T.5 1191 122° 30' 55.52" E 3° 59' 53.91" S 83.6 71.6 76.8

Jl. AH. Nasution T.6 1197 122° 31' 14.57" E 3° 59' 59.69" S 83.8 69.3 75.5

Jl. AH. Nasution T.7 1199 122° 31' 46.97" E 4° 0' 5.17" S 87.6 68.2 76.5

Jl. Malaka T.8 1203 122° 32' 2.49" E 3° 59' 28.33" S 83.6 69.7 75.7

Jl. Malaka T.9 1201 122° 32' 1.27" E 3° 59' 56.09" S 81.7 70.2 75.1

Jl. ZA Sugianto T.10 1205 122° 32' 1.26" E 3° 59' 10.50" S 85.6 71.9 77.8

Jl. Tapak Kuda T.11 1207 122° 31' 42.54" E 3° 58' 36.36" S 81.8 70.7 75.5

Source: own work.
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FIGURE 4. Traffic noise level on the highway, NT Settlements 55 dB, NT Commerce 65 dB, and NT 
Service 70 dB
Source: own work.

TABLE 3. Types of land use and exposure distance

Street name Location code
Type of land

use

Exposure distance
[m]

source-SLM
(r1)

source-land use 
(r2) 

Jl. Edi Sabara T1 settlements 9 18

Jl. M. Joenoes T2 commerce 9 36

Jl. M. Joenoes T3 commerce 9 26

Jl. M. Joenoes T4 services 9 16

Jl. MT Haryono T5 services 7 19

Jl. AH Nasution T6 commerce 8 19

Jl. AH Nasution T7 school 8 21

Jl. Malaka T8 settlements 9 20

Jl. Malaka T9 services 9 18

Jl. ZA Sugianto T10 settlements 7 32

Jl. Tapak Kuda T11 settlements 5 13

Source: own work.

Based on the roadside noise level (Leq) values in Table 2 and the r1 and r2 expo-
sure distances, the predicted results of noise distribution in land use are obtained 
using Equation (2), as seen in Figure 5.
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FIGURE 5. Prediction of noise exposure in land use based on the distance from the roadside
Source: own work.

Figure 5 illustrates the varying noise exposure across different land uses in the 
research area. The service area at Point T4 exhibits the highest noise level at 75.2 dB, 
succeeded by the commerce area at Point T3 with a measurement of 74.6 dB. Other 
notable levels include the settlements area at Point T1 (72.8 dB), school area at 
Point T7 (72.4 dB), service area at Point T5 (72.2 dB), settlements area at Point T8 
(72.2 dB), service area at Point T9 (72.2 dB), commerce area at Point T6 (71.8 dB), 
settlements area at Point T11 (71.5 dB), and the lowest in the settlements area at 
Point T10 (71.2 dB).
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The analysis emphasizes that noise intensity diminishes with increased distance 
from the noise source to the receiver. According to Lakawa, Hujiyanto, Sulaiman and 
Haryono (2022), a reduction in noise levels within an area may occur due to increased 
distance, resulting in an average decrease of 1.3 dB. Consequently, the determination 
of noise exposure hinges on the intensity within a specific area and the duration of 
exposure. Disparities in noise reduction among the eleven areas stem from both the 
augmented distance and the magnitude of the roadside noise level. Additionally, varia-
tions are influenced by the type of land surface transitioning from the roadside to land 
use, along with the extent and density of greenery or tree planting along the roadside.

 The mapping results indicate that the noise intensity in the by-pass ring road area 
is best understood by observing the color intervals of contour lines. Yellow and red 
colors signify a moderate level of noise (Fig. 6). Furthermore, the noise exposure 
reaching land use planning exceeds the noise threshold set in Indonesia. This poten-
tial overstep poses a threat to the health and comfort of both road users and residents 
living along the road. For instance, hearing impairment can be temporary or perma-
nent, depending on the duration and frequency of exposure to noise.

a b

FIGURE 6. Noise distribution map: a – noise distribution at the roadside; b – noise exposure that 
reaches land use
Source: own work.
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In a comparative context, noise level mapping was conducted in Rome during the 
COVID-19 pandemic, focusing on strategies to control the virus. The mapping gener-
ated a noise emission map, exploring scenarios of restricting private vehicle travel and 
scenarios of easing private vehicle use (Aletta et al., 2020). Notably, this mapping exer-
cise did not explicitly depict noise level limits. Similarly, noise mapping was undertaken 
to evaluate noise disturbances stemming from the operations of Athens International 
Airport. The analysis revealed that the community experienced noise levels surpassing 
70 dB. The mapping exercise involved a comparative analysis of strategic noise maps 
between 2017 and 2019, considering daytime and nighttime noise indices. Furthermore, 
this study formulated an action plan for Athens International Airport, commencing in 
2007 (Vogiatzis, Dimitriou & Gerolymatou, 2019). Similarly, noise measurements were 
conducted in Tehran using the FHWA TNM software. This model considers barrier 
parameters, trees, sidewalks, and slopes. The research produced a  traffic noise map 
based on a combination of modeling and field measurement results. The study’s find-
ings highlighted that a significant number of trucks in Tehran are outdated, contributing 
to elevated noise levels (Mohamady, Noorpoor & Bayatian, 2021).

Distinctively, the present research has successfully generated a traffic noise map 
for the highway, delineating its distribution across various land uses and receivers. 
This distribution encompasses commerce areas, services, schools, and settlements 
areas. The mapping results provide a visual indication of areas where noise levels 
surpass the regulatory limits set forth in Indonesia.

Conclusions
The vehicle composition along the by-pass ring road is dominated by motorcycles 

at 68%, followed by light vehicles at 27%, and heavy vehicles at 5%. The average 
noise level on the highway is 76 dB, with land use patterns significantly influencing 
noise fluctuations on the road. The highest noise levels occur in the commerce area, 
followed by service and school areas, while the lowest levels are observed in front of 
residential areas. This correlation is closely related to the movement patterns associ-
ated with each land use. Notably, the trend is consistent: the farther the distance from 
the noise source to the receiver, the lower the intensity of the noise. This highlights 
the crucial role of spatial distance in determining noise exposure levels.

To mitigate traffic noise in the by-pass ring road area of the city of Kendari, it is 
recommended to implement green landscaping, specifically by planting trees along 
the road. This strategic tree planting approach can effectively reduce traffic noise. 
Additionally, combining tree planting with creeping plants can further enhance the 
noise reduction efforts.
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Summary
Noise mapping due to motor vehicle activities in the by-pass ring road area of the 

city of Kendari. The by-pass ring road in Kendari serves as a crucial artery, facilitating 
accessibility and mobility between the city center and the expanding outskirts. However, 
heightened traffic has led to a notable upswing in noise along the highway. This study aims 
to systematically map the distribution of this noise across various land uses in the vicinity. To 
accomplish this, measurements were taken at eleven specific points along the road, utilizing a 
sound level meter (SLM). The collected data, encompassing noise levels on the highway and 
its impact on different land uses, underwent a thorough analysis through mathematical equa-
tions. Subsequently, mapping was executed using the overlay method based on coordinate 
points. The findings reveal a vehicular composition predominantly comprised of motorcycles 
(68%), followed by light vehicles (27%), and heavy vehicles (5%). Notably, although heavy 
vehicles constitute a mere 5%, they significantly influence the elevation of noise levels. The 
highest noise intensity impacting land use is observed in service areas, succeeded by com-
mercial and school zones, with the lowest levels recorded in settlement areas. The mapped 
results depict a noise exposure of 67 dB reaching receptors, coupled with an average noise 
reduction of 9 dB. Remarkably, as the average distance from the noise source on the highway 
to the receptors increases (averaging 14 m), there is a discernible reduction in noise intensity. 
This visually apparent trend is corroborated by the noise mapping results. 
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