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ARTICLEINFO ABSTRACT

Keywords: Qom city, owing to its location on several active faults, is a sensitive area exposed to
Seismic hazard

o . seismic hazards. Therefore, damage reduction, crisis management, and enhancement of
Building vulnerability

Earthquake potential index the city’s resilience are essential. The aim of this study is to evaluate Qom’s resilience
Qom city against earthquakes. This objective includes producing practical maps such as seismic soil
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Accepted 23 April 2026 earthquakes, and assessing building performance under these seismic scenarios. To this
Available online 01 October 2026 end, soil data from previous studies were collected and analyzed using ArcGIS. PGA

values for the 475 and 2475 year return period earthquakes were obtained using
OpenQuake software. Finally, the results were compiled using Excel and ArcGIS. The
assessments showed that the mean probability of building failure in Qom under
earthquakes with 475 and 2475 year return periods is 66.5% and 80.5%, respectively, which
is mainly due to the prevalence of masonry buildings lacking adequate lateral load
resisting systems. These findings highlight the necessity of retrofitting and renewing
deteriorated buildings, improving construction standards, and prioritizing urban
resilience enhancement.

1. Introduction

Qom city holds great religious significance as the site of Iran’s largest seminary and the shrine of Hazrat Masoumeh, making it
the country’s second most important pilgrimage city. It also serves as a major transportation corridor connecting the northern,
southern, eastern, and western provinces. The population of Qom has increased markedly over the past two decades and currently
stands at approximately 1,292,283 people [1]. Seddighi and Seddighi [2], through a statistical review of natural hazards over the
past 100 years, reported the frequency of these hazards. According to their analysis, floods, earthquakes, and droughts were the
most frequent hazards in Qom, respectively. Among these, earthquakes can be considered one of the most hazardous natural
disasters. Qom is located close to several extensive active faults. The principal faults affecting the city include the Indes, Koushk
Nosrat, Kashan, and Alborz faults, which confirm the high seismic hazard potential in the region [3]. Most buildings in Qom are
old and structurally vulnerable, and past earthquakes have produced extensive damage in the city [4]. In 1386, an earthquake of
approximately magnitude 5 on the Richter scale occurred in the town of Kahak, causing public alarm, damage to the Valiasr metro
tunnel, and harm to residential units. The event resulted in several fatalities and injuries. Damage to provincial infrastructure and
156 residential units was reported at approximately sixty billion rials [5].

Seismic risk assessment requires accurate data on seismicity, the location and distribution of buildings, and the resident
population. In addition, exposure models and the structural characteristics of buildings play a fundamental role in estimating their
vulnerability. However, at large scales, particularly in developing countries, such data may not be readily available [6]. Seismic
vulnerability of structures is commonly estimated using damage curves that relate ground-motion intensity to the probability of loss
[7]. These curves are constructed from parameters such as earthquake peak ground intensity, acceleration, or velocity (PGA/PGV),
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among which, peak ground acceleration (PGA) is more widely used [8]. Fragility curves are also employed to estimate the
probability of exceeding specified damage states for buildings based on seismic intensity measures [9]. These curves are typically
developed using empirical, analytical, and structural simulation approaches [9]. Empirical methods rely on past damage data and
are particularly practical in regions where structural information is limited [10]. Numerous studies have advanced these
methodologies, including analytical investigations of industrial structures in Italy [11] and numerical simulations of reinforced-
concrete buildings in Turkey [12]. In Iran, despite the occurrence of destructive earthquakes, comprehensive records of damage and
associated seismic parameters have often not been documented [7]. Initiatives such as JICA [13] and GEM EMME [14] have sought
to improve these assessments. In this context, Fallah Tafti et al. [9] employed an Analytic Hierarchy Process (AHP)—based analytical
approach to develop fragility curves for 19 different building typologies in Iran. They combined domestic and international data,
using 39 local fragility curves and 481 curves from other countries. This methodology forms the primary basis for the seismic-
hazard assessment in the present study.

Few studies have addressed the seismic resilience of Qom city. Kamalian et al. [15] took an important step toward assessing
Qom’s seismic vulnerability by collecting and analyzing data from 160 boreholes at 60 stations to conduct a detailed soil
microzonation study for the city. They also presented a seismic hazard analysis for a 475-year return period and produced a peak
ground acceleration (PGA) map for Qom based on those results. It should be noted that these studies were not based on local fault
earthquakes and fault behavior, and no study has been conducted to quantify the vulnerability of Qom’s buildings. Ghafoori et al.
[16] applied an optimization-based probabilistic seismic scenario method to determine the minimum number of scenarios required
to estimate urban losses. Using prior seismological and geological data, they evaluated and analyzed seismic hazards, although their
work was limited to optimizing a methodology for seismic assessment and did not produce PGA maps or estimates of potential
earthquake losses for Qom. Khorasani Zadeh et al. [5] examined Qom’s seismic vulnerability based on a scenario for the Alborz
fault. They derived fragility curves from the fault’s seismic activity and calculated the probability of building failure in Qom
accordingly. Their results indicated that the northeastern blocks and the southern Qomrud area sustain the greatest damage, with an
estimated complete collapse of about 25%. However, this study was confined to only one of the multiple faults surrounding Qom.
Therefore, more comprehensive studies that account for the effects of all faults around Qom appear necessary. Vaseghi et al. [17]
investigated the seismic resilience of Districts 3 and 4 in Qom, using the Analytic Hierarchy Process (AHP) to weight resilience
indicators. Their study showed that District 3 exhibits high vulnerability due to factors such as narrow passages, weak urban
infrastructure, and low occupant awareness of building safety, whereas District 4 demonstrated better resilience indicators. Shirvani
Harandi et al. [18] assessed the physical and social vulnerability of District 4 of Qom County under a 475 year return period
earthquake scenario, employing the PGA values reported by Kamalian et al. [15]. Their results indicated that the northern half of
District 4 is more vulnerable owing to higher building density, poorer construction quality, larger population, and narrower streets,
while the southern half, characterized by newer buildings, lower density, and wider streets, would experience fewer losses and
casualties. It should be noted that these studies do not cover the entire city of Qom, addressing only one of its seven districts, and
the PGA used was based on Kamalian et al. [15]. Previous geotechnical studies of Qom and its soil classification were based on the
work of Kamalian et al. [15]. Maghami et al. [19] demonstrated that earlier velocity measurements had errors of approximately 10-
15%, with the Vg3, velocity being overestimated in deeper deposits. Maghami et al. [19] presented a shear-wave velocity distribution
map to bedrock in their study. However, a dedicated V55, map and soil classification for Qom, which are crucial for seismic analysis,
were not provided in their research.

Recognizing significant data gaps in Qom’s seismic assessment, this research introduces a novel integrated framework. The
study begins by introducing the Earthquake Potential Index (EPI) for Qom, followed by the development of a new explicit V53, map
and soil classification for the city derived to correct known overestimations in prior literature. Subsequently, the analysis proceeds
to compute site-specific Peak Ground Acceleration (PGA) for critical return periods (475 and 2475 years). Finally, by employing
regionally calibrated fragility curves for 19 Iranian building types, the percentage probability of building failure in Qom is produced
and subjected to statistical analysis.

2. Earthquake potential index (EPI)

Earthquakes are inherently unpredictable and may occur without significant prior warning. The likelihood of an earthquake
depends on multiple factors, including proximity to tectonic plate boundaries, historical seismic activity, the nature of existing
geological formations, and others. To assess the seismicity of a region and to enable comparison of the resulting values, it is
necessary to employ a model that proportionally accounts for the influence of each factor and defines an index accordingly. Ahmad
et al. [20], aiming to identify key factors in spatial data analysis through Geographic Information Systems (GIS), introduced a
method for determining the Earthquake Potential Index (EPI). Their approach consists of the following steps.

+ Selection of variables influencing earthquake occurrence

» Generation of information layers within the GIS environment
* Numerical weighting of variables

 Integration of layers

» Calculation of the Earthquake Potential Index

« Zonation of the region based on earthquake potential
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» Preparation of a seismic hazard map

For determining the EPI of Qom Province, the effects of influential factors within a radius of 150 km from the city center were
considered. Fig. 1 illustrates the faults located within this 150 km radius relative to the center of Qom. Additionally, the seismic
moment magnitudes of historical earthquakes around Qom were obtained from the Institute of Geophysics, University of Tehran
[21]. These data are presented in Fig. 2.
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Fig. 1. Faults within a 150 km radius around Qom (adapted from the findings of Mirzaei et al. [21]).

The principal variables of the model proposed by Ahmad et al. [20] include the Digital Elevation Model (DEM), slope angle in
degrees (SLOP), density of active faults (Deny), earthquake epicenter density map (Deng,), earthquake magnitude in the region
(M), distance from the city center to active faults (Disr), and distance from the city center to earthquake epicenters (Dis,p; ). For
the preparation of the digital model, a map of Iran with 30-meter resolution was employed, while fault data and the earthquake
catalog of the region were obtained from the Geophysics Center of the University of Tehran [21]. Ultimately, based on Eq. 1, the
Earthquake Potential Index (EPI) map was generated, as illustrated in Fig. 3.
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Fig. 2. Moment magnitude of earthquakes around the city of Qom (adapted from the findings of Mirzaei et al. [21]).

EPI = 0.1DEM + 0.1Slop + 0.15Deny + 0.2M;, + 0.15Dis,y; ¢, + 0.15Deng, + 0.15Disg Q)

In Fig. 3, the EPI index map is depicted within a 150 km radius around Qom. According to this map, the city of Qom exhibits
high seismicity and is among the most seismically active areas within the delineated region. With an EPI index of 3.5, Qom requires
special consideration in seismic design of buildings. This issue has also been addressed in Standard 2800 [22], which classifies Qom
as a high-seismicity zone. It is noteworthy that the absence of a historical record of major earthquakes in Qom has somewhat reduced
attention to this matter. Nevertheless, the high density of faults in this area indicates significant earthquake hazard potential. The
lack of a major historical earthquake, in fact, serves as a warning signal, suggesting the accumulation of seismic energy in this
region.
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Fig. 3. Earthquake Potential Index (EPI) map of Qom Province.

3. Geology and geotechnical engineering in the city of Qom

Buildings in Iran are designed against earthquakes in accordance with Standard 2800 [22]. According to this standard, soils are
classified based on the average shear-wave velocity to a depth of 30 meters (Vg3,). The standard divides soils into four types. Type
I with shear-wave velocity greater than 750 m/s (most suitable for construction), Type Il with shear-wave velocity between 375 and
750 m/s (moderate quality), Type 111 with shear-wave velocity between 175 and 375 m/s (medium density), and Type IV with shear-
wave velocity less than 175 m/s (weak and requiring improvement).

In 2002, Ramazi [23] conducted a seismic hazard zoning study of Qom Province. He estimated the peak horizontal acceleration
of bedrock without considering soil types, based on the tectonics and seismicity of Qom Province, using Cornell’s approach. His
findings indicated that the seismicity of Qom is influenced not only by the major known faults between Tehran and Kashan but also
by smaller, yet active or potentially active faults beneath the city itself. As a significant step toward assessing the seismic
vulnerability of Qom, Kamalian et al. [15] carried out a microzonation study of Qom soils by analyzing data from 160 boreholes
across 60 stations. They also performed seismic hazard analysis for a return period of 475 years and presented a map of peak ground
acceleration across the city. To complement these results, Maghami et al. [19] constructed a three-dimensional model of the Qom
sedimentary basin based on shear-wave velocity using Refraction Microtremor (ReMi) surveys. Their findings revealed new
evidence of several potential faults, including the Qomrud Fault. Moreover, the analyses showed that for relatively shallow bedrock,
previously obtained velocities had errors of about 10-15%, while in deeper sediments, Vg3, values were overestimated [19].
However, most existing geotechnical reports prepared by local companies in Qom are limited to shallow depths (generally less than
30 meters) and rely on descriptive methods rather than direct use of Vs, [19].

Maghami et al. [19] presented shear-wave velocity distribution profiles down to bedrock in their study (Fig. 4). However, neither
the Vg3, map nor the soil classification of Qom based on it was provided. Accordingly, the results of Maghami et al. [19] were
utilized to prepare a map of average shear-wave velocity to a depth of 30 meters for Qom soils (V3,), Which is shown in Fig. 5.
This map indicates that most urban areas fall within soil Types Il and 111, while some zones even belong to Type IV, reflecting the
seismic weakness of Qom soils. A comparison of these results with the study of Kamalian et al. [15] suggests that earlier
investigations may have overestimated soil conditions.

4. Seismic hazard assessment and zoning of Qom

In this study, the OpenQuake software was employed for seismic hazard assessment and zoning of the city of Qom. OpenQuake
is an open-source software designed for earthquake hazard evaluation. It has been developed by the Global Earthquake Model
(GEM) Foundation. The software is widely used for conducting seismic analyses and assessing earthquake hazards. Acting as a
comprehensive tool, OpenQuake provides capabilities for Probabilistic Seismic Hazard Analysis (PSHA), Deterministic Seismic
Hazard Analysis (DSHA), and overall seismic hazard evaluation [11].

To initiate the process, OpenQuake relies on a set of input data. These data include identification of seismic sources, earthquake
Ground-Motion Prediction Equations (GMPES), target points for output results, the type of response of interest (peak ground
acceleration (PGA), spectral acceleration (SA) for different probabilities), and average shear-wave velocity at 30 m depth (17530),
and selection of Ground Motion Prediction Equations (GMPESs) to define ground motion hazard. Seismic hazard analysis and
earthquake zoning with this software involve four stages. These stages include identification of seismic sources, determination of
the controlling earthquake (the largest probable earthquake for each source), selection of an appropriate GMPE for strong ground
motion, and calculation of strong ground-motion parameters and seismic hazard estimation [24].
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Fig. 5. Oil classification map of Qom province.

In this study, faults affecting the city of Qom within a radius of 100 km from the city center were considered. Information on
these faults (including geographic location, length, moment magnitude scale, orientation, and type) was obtained from the
Geophysics Institute of the University of Tehran [21]. The moment magnitude (M) of these faults was estimated using Egs. 2-4,
based on subsurface rupture length. In these equations, (L) and (My) represent the subsurface rupture length (in kilometers) and the
moment magnitude of the fault, respectively. Eq. 2 applies to strike-slip faults, Eq. 3 to reverse faults, and Eq. 4 to normal faults
[25].

M,, = 4.33 + 1.49Log (L) 2)
M,, = 4.49 + 1.49Log (L) 3)
M,, = 4.34 + 1.54Log (L) ()

The faults influencing Qom within a 100 km radius, along with their calculated (M,,) values, are compiled in Table 1. It should
be noted that for unspecified fault types, Eq. 3 was applied.
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Table 1. Faults affecting the city of Qom within a 100 km radius.
Wells—-Coppersmith [25] Relation

Fault Name Fault Type Eqs. 2-4 Distance to Qom City Center (km)  Fault Length (km)
Kashan Approximate / Concealed / Inferred 6.86 3.93 39.01
Dochah Reverse or Thrust Fault 6.32 7.52 16.79
Alborz Reverse or Thrust Fault 7.67 15.53 136.77

Anar Boneh Left-lateral Strike-slip 6.90 17.59 41.36

Mehrabad Reverse and Right-lateral Fault 6.49 24.49 21.91
Indes Reverse and Right-lateral Fault 7.53 25.63 109.36
Myam Unspecified 6.37 26.18 18.38

Bidehend Right-lateral Fault 6.73 26.40 31.68
Eg:p:t Reverse and Left-lateral Fault 7.82 29.12 221.01
Kashan Reverse or Thrust Fault 7.26 38.05 71.78

Farasmaneh Reverse or Thrust Fault 7.18 47.24 64.06

Bidehand Reverse and Right-lateral Fault 6.72 49.42 31.38

Rahagh Unspecified 6.14 51.28 12.72
Gheh Right-lateral Fault 6.44 52.43 20.26
Khoreh Reverse or Thrust Fault 6.77 64.07 33.77
Kahak Reverse or Thrust Fault 6.18 64.30 13.68
Zard Rang Unspecified 6.61 64.35 26.45
Siah Kouh Reverse or Thrust Fault 7.69 65.14 140.91
Ravand Unspecified 6.50 65.78 22.42

Khan Kish Unspecified 6.49 66.48 21.83
Varin Reverse or Thrust Fault 6.69 68.80 29.95

Nazarabad Approximate / Concealed / Inferred 6.53 69.39 23.50

Talkhab Reverse or Thrust Fault 7.56 69.87 114.23

Khoshk Rud  Approximate / Concealed / Inferred 7.33 73.46 80.26
Mahallat Unspecified 6.76 74.46 33.60
Tafresh Reverse or Thrust Fault 7.12 74.87 58.00
Payvand Unspecified 6.14 75.24 12.81

ﬂ]ge;giz Right-lateral Fault 6.21 77.14 1417
Khsc?rri]geh Reverse or Thrust Fault 6.16 78.43 13.12
Parandak Approximate / Concealed / Inferred 6.77 78.53 33.80
Jaze Reverse or Thrust Fault 6.73 80.35 31.83
Zorjin Reverse or Thrust Fault 6.36 81.38 17.90
Goujar Unspecified 6.66 87.74 28.66

Nashveh Reverse and Left-lateral Fault 6.62 88.57 26.72
Azdin Reverse or Thrust Fault 6.27 90.51 15.58
Bidlou Unspecified 6.85 91.43 38.13

DE?TZ]g;h Reverse or Thrust Fault 6.62 91.49 27.00

Nobaran Approximate / Concealed / Inferred 6.88 92.94 40.43

Shour Unspecified 6.46 99.25 21.11

A crucial element in seismic hazard evaluation is the selection of appropriate ground-motion prediction equations (GMPES),
which model the variation in peak ground motion (such as acceleration) based on magnitude and distance. To address the epistemic
uncertainty associated with using a single GMPE, this study employs a logic tree approach incorporating three widely used
horizontal ground-motion models supported in OpenQuake [26-28]. The Campbell and Bozorgnia [26] model is a comprehensive
NGA-West2 equation with high sensitivity to site conditions and near-fault effects, making it suitable for shallow crustal earthquakes
like those in Qom. The Chiou and Youngs [27] model complements it by emphasizing near-fault behavior and soil-dependent
amplification, improving accuracy in areas with soft soils. The Akkar and Bommer [28] model, developed from European and
Middle Eastern data, provides a more regionally appropriate representation of seismic behavior in Iran, offering a better fit for the
local tectonic regime compared to North American models. This combination ensures robust coverage of key physical phenomena
and regional applicability, while the weighting reflects the relative confidence in each model’s performance for the study area. The
GMPEs were weighted as 40, 30, and 30% for Campbell and Bozorgnia [26], Chiou and Youngs [27], and Akkar and Bommer [28],
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respectively. This weighting reflects their relative reliability and applicability to the regional seismic context. This weighting scheme
adheres to standard PSHA practices and enhances the robustness of the hazard assessment.

In probabilistic seismic hazard assessment (PSHA), analyses are conducted based on all possible scenarios of earthquake
magnitudes from seismic sources within the study area and across all possible distances from the site under investigation. In this
research, the latest version of the OpenQuake software was utilized. The objective of this type of analysis is to evaluate the
probability that an intensity measure type (IMT) will exceed a specified intensity measure level (IML). The software inputs are
defined in such a way that they encompass all possible rupture scenarios for the identified sources. The principal equation used in
OpenQuake is expressed as follows (Eq. 5).

1 N

Prob(IMT = IML|site. Forecast) =1—| [(1— Z Prob(IMT = IML|site. Rup, ;)Prob(Rup, ;) ®)

i=1 n=1

The Forecast module of the software computes earthquake rupture predictions. In this approach, probabilities are directly
incorporated, unlike earlier methods that relied on the summation of average annual rates. As shown in Fig. 6, the study area was
discretized into 1296 grid points (36x36) with a 0.5 km spacing to enable probabilistic modeling of seismic hazard using
OpenQuake, allowing for a more accurate spatial representation of ground motion across the region. The soil classification results
from previous sections were assigned to these grid points. The OpenQuake software was then executed based on the defined settings
to calculate peak ground acceleration (PGA) for return periods of 475 years (10% probability of exceedance in 50 years) and 2475
years (2% probability of exceedance in 50 years). Fig. 7 presents the output of this software for the 475-year PGA. Based on these
results, seismic hazard zoning maps were generated. To enhance visualization, these maps for Qom’s buildings were prepared using
ArcGIS and are presented in Figs. 8 and 9. According to these maps, the eastern and northern parts of Qom are more strongly
affected by seismic activity.

1 Kilometers

Fig. 6. Spatial discretization of the study area for OpenQuake modelling.
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Fig. 7. PGA map for a 475-year return period (OpenQuake).



Moradi et al.

Civil Engineering and Applied Solutions, 2026; 2(4): 1-14

PGA 475
0.35-0.41
- 0.41-0.48
[ 048-054
0 25 5 10 I 054 -0.60
Kilometers I o60-067

Fig. 8. PGA map for a return period of 475 years (equivalent to a 10% probability of exceedance in 50 years of structural life).
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Fig. 9. PGA map for a return period of 2475 years (equivalent to a 2% probability of exceedance in 50 years of structural life).

5. Building vulnerability and probability of damage in Qom

As noted earlier, in this study the fragility curves developed by Fallah Tafti et al. [9] were employed. They prepared fragility
curves for 19 building types in Iran, with their classification presented in Table 2. The fragility curves based on PGA are shown in
Fig. 10. It should be emphasized that the building classification of Qom used in this study is consistent with the classification
adopted by Fallah Tafti et al. [9], which ensures greater accuracy in the evaluation.

Table 2. Building classification according to the criteria of Fallah Tafti et al. [9].

Building Type Structural Type Building Height Construction Quality (Year of Construction) Building Type Code
1 Masonry Low-rise (1-3 stories) Low quality MA_LR_LQ
2 Reinforced Concrete Low-rise (1-3 stories) Low quality (before 1987) RC_LR_LQ
3 Reinforced Concrete Low-rise (1-3 stories) Medium quality (1987-2007) RC_LR_MQ
4 Reinforced Concrete Low-rise (1-3 stories) High quality (after 2007) RC_LR_HQ
5 Reinforced Concrete Mid-rise (47 stories) Low quality (before 1987) RC_MR_LQ
6 Reinforced Concrete Mid-rise (47 stories) Medium quality (1987-2007) RC_MR_MQ
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7 Reinforced Concrete Mid-rise (47 stories) High quality (after 2007) RC_MR_HQ

8 Reinforced Concrete High-rise (>7 stories) Low quality (before 1987) RC_HR_LQ

9 Reinforced Concrete High-rise (>7 stories) Medium quality (1987-2007) RC_HR_MQ

10 Reinforced Concrete High-rise (>7 stories) High quality (after 2007) RC_HR_HQ

11 Steel Structure Low-rise (1-3 stories) Low quality (before 1987) ST_LR_LQ

12 Steel Structure Low-rise (1-3 stories) Medium quality (1987-2007) ST_LR_MQ

13 Steel Structure Low-rise (1-3 stories) High quality (after 2007) ST_LR_HQ

14 Steel Structure Mid-rise (47 stories) Low quality (before 1987) ST_MR_LQ

15 Steel Structure Mid-rise (47 stories) Medium quality (1987-2007) ST_MR_MQ

16 Steel Structure Mid-rise (47 stories) High quality (after 2007) ST_MR_HQ

17 Steel Structure High-rise (>7 stories) Low quality (before 1987) ST_HR_LQ

18 Steel Structure High-rise (>7 stories) Medium quality (1987-2007) ST_HR_MQ

19 Steel Structure High-rise (>7 stories) High quality (after 2007) ST_HR_HQ
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Fig. 10. Fragility curves against PGA, adapted from Fallah Tafti et al. [9] (a) Curves for reinforced concrete and masonry buildings
(b) Curves for steel buildings.

For damage assessment of Qom’s buildings, a database of buildings was compiled based on data provided by the Municipality
of Qom. Subsequently, the buildings of Qom were classified according to the criteria of Fallah Tafti et al. [9]. Fig. 11 illustrates the
classification of building types in Qom. Certain land uses (including vacant lots, parks and green spaces, agricultural lands, and
similar categories) were considered as “type 0” and excluded from the evaluation. Interpretation of results is facilitated by numerical
values. Accordingly, the statistical outcomes of this classification are presented in Table 3.

Table 3. Statistical assessment of existing buildings in Qom.

Building Type Number Percentage Building Type Number Percentage
Dilapidated buildings (over 50 years old) 32,894 14.76% Type 9 buildings 0 0.00%
Masonry buildings 182,289 81.80% Type 10 buildings 1,088 0.49%
Reinforced concrete structures 18,686 8.39% Type 11 buildings 369 0.17%
Steel structures 21,865 9.81% Type 12 buildings 5,653 2.54%
Type 1 buildings 182,289 81.80% Type 13 buildings 13,462 6.04%
Type 2 buildings 25 0.01% Type 14 buildings 13 0.01%
Type 3 buildings 561 0.25% Type 15 buildings 182 0.08%
Type 4 buildings 8,980 4.03% Type 16 buildings 2,043 0.92%
Type 5 buildings 1 0.00% Type 17 buildings 0 0.00%
Type 6 buildings 37 0.02% Type 18 buildings 1 0.00%
Type 7 buildings 7,994 3.59% Type 19 buildings 142 0.06%
Type 8 buildings 0 0.00%
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Fig. 11. Classification of building types in Qom.

The results indicate that 14.76% of Qom’s buildings are over 50 years old and have reached the end of their service life (Table
3). Furthermore, 81.80% of Qom’s buildings are masonry structures (including vaulted brickwork, adobe, and brick buildings).
These structures lack adequate lateral load-bearing systems and are highly vulnerable to earthquakes. Based on these findings, it
can be concluded that the primary challenge for Qom in terms of seismic resilience lies in the building stock, highlighting an urgent
need for renovation and retrofitting.

For each building, PGA values corresponding to earthquakes with return periods of 475 and 2475 years were extracted using
ArcGIS (Figs. 8 and 9). To estimate damage probabilities, the fragility curves developed by Fallah Tafti et al. [9] were parameterized
through nonlinear regression. Building usage data for the city of Qom were exported into Microsoft Excel, where the buildings were
classified according to Table 2. The equations were then applied to the classified building types in Excel, and the probability of
damage was calculated. Table 4 presents the mean probability of damage for buildings under 475 and 2475 year return period
earthquakes. For a more accurate evaluation of mean building damage, the number of units within each building was considered as
an important indicator. Each floor was treated as one building unit (since the significance of a 10-story building is not equivalent to
that of a single-story building when calculating mean damage). Table 4 shows the number of reinforced concrete, steel, and masonry
buildings, along with the product of their counts and corresponding number of floors.

Table 4. Mean probability of building damage under earthquakes.

Category Total Buildings Reinforced Concrete Steel Structures Masonry Buildings
Number of buildings 222,840 18,686 21,865 182,289
Number of building units 276,567 65865 28268 182,434
Mean probability of damage (%) — 475 years 66.5 32.2 39.6 83.1

The mean probability of damage for building units in Qom under 475 and 2475 year return period earthquakes was estimated at
66.5% and 80.5%, respectively. These results are alarming. The primary reason lies in the prevalent building type in Qom, which is
masonry construction with poor seismic performance. The mean probability of damage for masonry buildings under the 475 year
earthquake was calculated at 83.1%, while steel and reinforced concrete buildings had mean probabilities of 39.6% and 32.2%,
respectively (Table 4). Although the performance of framed buildings is not ideal, it is significantly better than that of masonry
structures. As noted earlier, certain land uses) including vacant lots, parks, and agricultural lands( were excluded from the analysis.
Figs. 12 and 13 illustrate the mean probability of building damage in Qom under 475 and 2475 year return period earthquakes.
These figures show that the northern and central areas of Qom are in poor condition, whereas Pardisan and, more broadly, the
western part of Qom Province exhibit better seismic performance. This is attributed to the newer construction in these areas and the
use of earthquake-resistant structural systems. Furthermore, PGA values in western Qom were lower, consistent with the observed
results.
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Fig. 12. Probability of building damage in Qom under a 475-year return period earthquake.
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Fig. 13. Probability of building damage in Qom under a 2475-year return period earthquake.

6. Discussion

The findings of this study reveal a high seismic risk for Qom, driven by its significant seismic potential, indicated by a seismic
potential index of 3.5 within 150 km, and the widespread presence of vulnerable unreinforced masonry buildings. The hazard
assessment, using OpenQuake, shows substantial ground motion levels, particularly in the central and northern districts, with PGA
values reaching up to 0.67 g for a 475-year return period. The soil conditions, characterized by Type Il, 11l and IV classifications
based on Vs30, suggest significant site amplification. This combination of high seismic hazard, weak soil conditions, and an
extensive stock of non-ductile buildings creates a critical vulnerability, particularly in older urban areas, necessitating urgent
measures to enhance the city’s seismic resilience.

To mitigate this risk, a multi-faceted approach is required. The most pressing need is the retrofitting and strengthening of existing
structures, particularly the extensive stock of unreinforced masonry buildings. Implementing a transparent building performance
rating system, based on structural evaluation, could serve as a powerful incentive for owners to upgrade their properties. This system
would empower the public to make informed decisions regarding building safety and encourage investment in seismic resilience.
The municipality of Qom, as a key policy-making body in the construction sector, has a crucial role in promoting public awareness
about seismic hazards and the importance of building safety through targeted educational campaigns. Financial incentives, such as
tax reductions or subsidies, could further encourage property owners to undertake necessary strengthening measures. Enhancing the
city’s emergency response capabilities is equally important. The development of an online management system for crisis equipment,
which provides real-time information on the location, quantity, and condition of available resources across municipal departments,
would significantly improve operational efficiency and resource allocation during a disaster. This system would enable faster and
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more coordinated response efforts. Furthermore, the creation and regular updating of accurate seismic hazard maps, which clearly
delineate fault lines and high-risk zones, is essential. These maps should be made accessible to the public to increase awareness and
inform land-use planning and construction decisions.

The design base acceleration (A) for the city of Qom per Standard 2800 [22] is 0.30g. The elastic response spectrum is obtained
as AxB, where the factor B accounts for soil type and structural period, with maximum values of 2.5 for soil types 1 and 2, and 2.75
for soil types 3 and 4 per Standard 2800 [22] for Qom. The PGA values computed in this study (0.35g to 0.67g), accounting for
local soil effects, yield an equivalent base acceleration range of 0.14g to 0.268g when divided by B_max, confirming that the
standard’s 0.30g is conservative and consistent with probabilistic seismic hazard analysis. These results enable the development of
site-specific design response spectra, which, upon comparison with Standard No. 2800 spectra, can refine local amplification factors
for precise structural analysis.

7. Conclusion

This study presented a comprehensive analysis of seismic hazard and building vulnerability in the city of Qom. First, the seismic
potential index of Qom was determined using ArcGIS and available data, confirming the high seismicity of the region. Subsequently,
maps of average shear-wave velocity to a depth of 30 meters and seismic soil classification of Qom were prepared. To estimate peak
ground acceleration (PGA), the OpenQuake software was employed, and PGA maps for return periods of 475 and 2475 years were
generated. Based on fragility curves derived from a domestic study, Qom’s buildings were classified, and their damage under
different earthquake scenarios was estimated. The findings can be summarized as follows.

» The seismic potential index (EPI) within a 150 km radius around Qom was examined. With an EPI of 3.5, Qom is among the
most seismically active areas in the region. Although no historical record of major earthquakes exists, the high density of faults
indicates significant seismic hazard potential.

» Results showed that Qom is highly vulnerable due to the predominance of masonry buildings lacking adequate lateral load-
bearing systems. The mean probability of building damage under 475 and 2475 year return period earthquakes was estimated at
66.5% and 80.5%, respectively.

» Northern and central areas of Qom are more vulnerable, while newer western districts (particularly Pardisan) exhibit better
seismic performance due to modern construction practices and earthquake-resistant structural systems.

+ To reduce seismic risk in Qom, a comprehensive, multi-faceted approach is essential, prioritizing the retrofitting of vulnerable
older buildings. Establishing a transparent building performance assessment system and incentivizing owners through financial
mechanisms such as tax reductions are critical. Additionally, enhancing public awareness, strengthening emergency
preparedness systems, and developing updated seismic hazard maps for urban planning and site selection are necessary steps to
improve resilience and mitigate future losses.

» To enhance the accuracy and transferability of results, future studies should incorporate post-earthquake damage data from Qom
for validation of fragility curves and hazard assessments. Additionally, integrating more advanced modeling approaches (e.g.,
nonlinear dynamic analysis) and considering spatial and socio-economic factors (e.g., construction quality, building age,
population distribution) can improve risk quantification. Furthermore, developing fragility curves for modern building systems
would support risk assessment in rapidly urbanizing areas.
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Available online 01 October 2026 effectively enhanced the strength and consolidation behavior of oil-contaminated soils
after 28 days of curing.

1. Introduction

The accelerated pace of urban development has contributed to a considerable growth in the construction of expansive, tightly
clustered structures. Such extensive and dense construction activities necessitate a stable and robust foundation soil capable of
supporting the imposed loads. Consequently, evaluating the strength and stability of the underlying soil becomes a critical step in
selecting suitable sites before initiating structural design [1]. To put it differently, the soil's bearing capacity plays a critical role in
determining a structure’s ability to bear loads, making its assessment essential during initial studies. The behavior of soils is primarily
influenced by their inherent properties and, secondarily, by environmental conditions and the detrimental impacts caused by human
activities [2, 3].

A significant issue impacting various regions globally is the infiltration of oil into urban soils, resulting in contamination and
alterations to the soil's fundamental properties [4-6]. This pollution may originate from multiple sources, including oil leaks near
petroleum refineries, damaged pipelines and storage reservoirs, as well as the incorrect disposal of used engine oil [7, 8]. Crude oil
is a type of hydrocarbon contaminant that disrupts the soil's structure and has harmful impacts on its physical, chemical, and
mechanical characteristics [9-12].

Oil contamination significantly alters soil fabric and interparticle bonding mechanisms by coating soil particles with
hydrocarbons, which disrupts direct particle-to-particle contact and reduces interparticle friction. This coating promotes a more
porous, agglomerated, and loose structure, increasing void spaces, eccentricity, and overall porosity while decreasing density. In
fine-grained soils, oil may enhance cohesion temporarily through viscous bridging, but it generally weakens van der Waals forces,
cation exchange capacity, and frictional interactions, leading to reduced shear strength, unconfined compressive strength (UCS),
internal friction angle, and load-bearing capacity. Permeability also decreases as oil blocks interparticle gaps, further compromising
mechanical integrity and stability for foundations or slopes [13].
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Addressing these issues is a key priority for geotechnical engineers, who aim to render oil-contaminated soils suitable for civil
engineering operations. Given that soil contamination remediation is both costly and time-intensive, identifying effective solutions
for improving such soils has consistently garnered attention. If the soil's strength is insufficient to support the imposed loads,
relocating the project may be considered. However, site-specific constraints and limited availability of alternative land often compel
engineers to focus on soil improvement. Chemical stabilization is one method that effectively enhances soil behavior, especially in
soils polluted with crude oil, where a sequence of chemical reactions plays a key role [14-16]. Earlier studies have shown that
additives like lime and cement are crucial in stabilizing and restoring soils affected by contamination [5, 8, 17]. However, the use
of these conventional materials, while potentially imposing significant costs on the project, may also present limitations, such as
increased soil brittleness [18, 19]. Furthermore, the production of these additives is linked to the release of greenhouse gases, such
as carbon dioxide, which result in significant and irreversible environmental harm [20]. Consequently, researchers continuously
seek alternative materials to minimize the reliance on conventional binders. Microsilica, a largely spherical silica substance, emerges
as a by-product of silicon alloy manufacturing and is produced in substantial quantities globally [21, 22]. Due to the adverse health
effects associated with the release of this material as industrial waste into the environment, researchers are actively exploring its
utilization in the construction sector. Its significant pozzolanic properties, coupled with its high reactivity, have rendered this
industrial by-product a valuable substitute for traditional additives [23]. Furthermore, the amorphous structure of microsilica
particles with their high Specific Surface Area (SSA) makes it a highly reactive substance [24]. Notably, microsilica particles are
significantly smaller than conventional additives like cement, being 100 to 150 times smaller. This characteristic enables them to
effectively fill the micro-pores between soil particles, resulting in a substantially denser composition. This distinctive attribute,
known as the "filling/packing effect,” markedly enhances the soil's physical and mechanical properties [21, 25].

The addition of microsilica (including precipitated silica, nanosilica, or silica fume) modifies these mechanisms by filling voids,
promoting pozzolanic reactions with available calcium sources to form calcium silicate hydrate (C-S-H) gels, and creating
cementitious bridges between particles. This results in a denser, more uniform, and isotropic fabric, with reductions in pore area,
eccentricity, and porosity, while enhancing cohesion (e.g., doubling in some cases), friction angle, and shear strength. Consequently,
UCS and load-bearing capacity are restored or even enhanced beyond that of untreated clean soil in many instances, depending on
dosage, curing time, and soil type/contamination level [26, 27].

Previous studies have shown that the incorporation of microsilica can improve the strength characteristics of different soil types.
However, most existing research has primarily focused on the use of microsilica in combination with calcium-based binders such
as cement or lime, or on its application in uncontaminated soils. Consequently, there remains a significant lack of knowledge
regarding the effectiveness of microsilica used alone for the stabilization of oil-contaminated fine-grained soils, particularly with
respect to both strength and consolidation behavior. Therefore, this study aims to systematically evaluate the feasibility of using
microsilica as a standalone stabilizing agent for oil-contaminated silty soil. Soil specimens were treated with microsilica contents
of up to 20% and cured for designated periods. Subsequently, a comprehensive laboratory testing program—including compaction,
Atterberg limits, direct shear, unconfined compressive strength (UCS), and one-dimensional consolidation tests—was conducted to
assess the mechanical and physical performance of the treated soils.

2. Materials and method
2.1. Based soil and stabilizer

In this study, soil samples were sourced from a depth of 20 cm in proximity to an oil refinery located in Ahvaz in which the
precise sampling location is depicted in Fig. 1. To characterize the soil, wet sieving and hydrometer tests were done in accordance
with ASTM D422, and the results are presented in Fig. 2. Based on the test results, with over 50% passing through the #200 sieve,
the soil was classified as fine-grained. The determination of Atterberg limits for the untreated soil further revealed that based on
Unified Soil Classification System (USCS) it was silt with low plasticity (ML).

The hydrocarbon contamination in this study deposit was quantified using the conventional Soxhlet extraction method. Organic
solvents such as dichloromethane were employed to extract petroleum compounds, and the contamination level was measured by
comparing the original soil mass to the mass of the extracted hydrocarbons. The analysis showed that the soil contained 10% oil
contamination by dry mass. The geotechnical characteristics of the contaminated soil such as liquid limit(LL), plasticity index(Pl),
specific gravity (Gs), maximum dty density (MDD), optimum moisture content (OMC) and unconfined compressive strength (UCS)
are presented in Table 1. The oil-contaminated soil was dark brown in color and exhibited an unconfined compressive strength
(UCS) of approximately 886 kPa.

The chemical structure of the soil was investigated through X-ray fluorescence (XRF) analysis, and the findings are provided in
Table 2. Additionally, X-ray diffraction (XRD) analysis indicated that the soil primarily comprises quartz, calcite, dolomite, biotite,
palygorskite, and gypsum. Microsilica used as a stabilizer in this research was sourced from the Iran Ferroalloy Industries Company.
Its chemical and physical properties are outlined in Tables 2 and 3, respectively.
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Fig. 2. Particle size distribution of the studied oil-contaminated soil.
Table 1. Oil-contaminated soil index.
Characteristics Value ASTM Standard
LL (%) 38.13 ASTM D4318
P1 (%) 26.70 ASTM D4318
Gs 2.62 ASTM D854
MDD (g/cm?) 1.9 ASTM D698
OMC (%) 13.2 ASTM D698
UCS untreated sample in OMC and MDD (kPa) 886 ASTM D2166
Color Dark brown -

Table 2. Chemical compositions (percentage in weight (%)) of materials used in this study.

Chemical composition - Material —
Soil Microsilica
SiO; 66.31 91.7
Al,O, 25.42 1.13
Fe,03 112 1.42
CaO 1.23 152
MgO 0.21 0.29
Na,O 0.12 0.51
K0 0.1 121
MnO - 0.7
SO3 - 0.33
TiO, - -
LOI 5.49 1.19

“Loss on ignition
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Table 3. Physical properties of microsilica used in this study.

Microsilica properties Value
Structure Amorphous
Size, p 0.2-0.3
Physical form Powder
Color White
Bulk density, kg/m? 200
Specific gravity (Gs) 2.64

2.2. Sample preparation and methodology

To improve the strength characteristics and stabilize the oil-contaminated soil, microsilica was added at contents of 5%, 10%,
15%, and 20% by dry weight of soil. For each microsilica dosage, a comprehensive experimental program was implemented to
evaluate its effectiveness. First, standard Proctor compaction tests were performed on untreated and treated samples to determine
the Optimum Moisture Content (OMC) and Maximum Dry Density (MDD) required for specimen preparation. Dry microsilica
powder was initially mixed thoroughly with the soil, after which water was added to achieve a uniform mixture. Compaction tests
were conducted in accordance with ASTM D698.

Cylindrical specimens with a diameter of 3.5 cm and a height of 10 cm were prepared at their respective OMC and MDD values
for Unconfined Compressive Strength (UCS) testing. The specimens were sealed in airtight plastic containers and cured at room
temperature for 28 days before being tested according to ASTM D2166.

Direct shear tests were also conducted following ASTM D3080. The soil-microsilica mixtures were compacted into square shear
boxes with a side length of 5 cm in three layers, each 2 cm thick, at their corresponding OMC and MDD. After 28 days of curing,
vertical normal stresses of 50, 100, and 150 kPa were applied to determine shear strength parameters, including cohesion (C) and
internal friction angle (¢).

Atterberg limits tests were performed on untreated and treated soils in accordance with ASTM D4318 to evaluate changes in
soil plasticity due to microsilica addition. After mixing soil, microsilica, and water, the samples were cured for 28 days, and Liquid
Limit (LL) and Plastic Limit (PL) were determined. The Plasticity Index (PI) was then calculated as the difference between LL and
PL.

One-dimensional consolidation tests were carried out in accordance with ASTM D2435 to assess compressibility and
consolidation characteristics. Soil-microsilica mixtures prepared at their respective OMC and MDD were placed into molds with a
diameter of 50 mm and a height of 20 mm and tested in an oedometer after curing periods of 7 and 28 days. These tests provided
key parameters such as compression index, coefficient of consolidation, and void ratio for evaluating the settlement behavior of
stabilized soils.

3. Result and discussion
3.1. Effect of microsilica on MDD and OMC of the contaminated soil

In this study, standard Proctor tests were performed on all samples, including parent oil-contaminated soil and microsilica-
stabilized ones, to determine the OMC and MDD values. Figs. 3 and 4 show the results of the compaction test in full. As can be
seen, the addition of microsilica to oil-contaminated soil increased the OMC as well as decreased the MDD. The inclusion of
microsilica into the soil caused a change in the particle size distribution and increased the particle surface of the blends compared
to that of the oil-contaminated soil sample. The amount of these changes was directly related to the amount of microsilica in the
compounds. Adding 20% of microsilica content to contaminated soil increased OMC from 13.18% to 16.3%. In addition, as the
OMC increased, the MDD of the composites gradually decreased. This effect can be attributed to the additional microsilica filling
the voids between the particles of the samples [28, 29]. As can be seen in Fig. 4, the addition of 5% microsilica had little effect on
MDD changes. The most significant increase in performance was observed with the addition of 15% microsilica to the contaminated
soil. This specific microsilica content reduced the soil's Maximum Dry Density (MDD) from 1.92 to 1.88 g/cm3. According to
previous studies, [28, 29], a similar behavior was observed for soils without oil-contaminants stabilized with microsilica.

3.2. Effect of microsilica on consistency limits of the contaminated soil

To determine the liquid limit (LL), plastic limit (PL), and Plasticity Index (PI) of oil-contaminated soil, the Atterberg limits tests
were performed on the samples, the results of which are shown in Figs. 5 and 6. As shown in Fig. 5, as the amount of microsilica
increased, the LL and PL of the soil decreased. The trend of changing these two parameters was such that their differences (PI) also
showed a downward behavior. The incorporation of microsilica into the soil particles can induce particle flocculation over time,
which in turn reduces the Liquid Limit (LL) and, consequently, decreases the soil's plasticity [30, 31].
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The amount of 20% microsilica was able to reduce the LL from 38.13% to about 31%. This amount of additive was also able to
reduce the PI by about 15%. It should be noted that this decrease in the Pl and LL could change the USCS classification from ML
to CL, as shown in Fig. 6. This can be due to the simultaneous reduction of PL and LL with the addition of microsilica, which
changes the soil group.
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Fig. 5. Variation of Atterberg limits of microsilica-stabilized oil-contaminated soil samples.
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3.3. Effect of microsilica on shear properties of the contaminated soil

In this study, direct shear tests were performed on the samples under fully saturated conditions, representing the critical state of
fuel oil-contaminated soils after microsilica stabilization and curing. Saturation ensured uniform pore water distribution and
accounted for the effects of moisture on interparticle friction and adhesion. Testing under these conditions provides a realistic and
reliable assessment of shear strength across different microsilica dosages while reflecting the potential impact of oil contamination.
Fig. 7 presents the shear strength changes for oil-contaminated soils stabilized with different amounts of microsilica. For this
purpose, three different vertical confining pressures of 50, 100 and 150 kPa were considered to be able to determine the changes in
cohesion (C) and friction angle (¢), the results of which are shown in Fig. 8. According to Fig. 7, it can be seen that the addition of
microsilica up to 15% to oil-contaminated soil increased the shear strength of the soil. The shear strength of oil-contaminated soil
at a vertical confining pressure of 50 kPa was approximately 33 kPa. In contrast, the sample containing 15% microsilica under
similar conditions exhibited a shear strength of around 55 kPa. Additionally, as the vertical confining pressure increased, the shear
strength also increased. Specifically, the shear strength of the 15% microsilica sample at vertical confining pressures of 100 kPa and
150 kPa rose by approximately 20% and 111%, respectively, compared to the strength at 50 kPa.lt should be noted that the
incorporation of more microsilica (20%) reduced shear strength. The reduction in shear strength at 150 kPa is more pronounced than
at lower stresses. Although minor experimental errors cannot be entirely ruled out, repeated tests confirmed the trend. This stress-
dependent behavior likely arises from increased particle rearrangement and localized brittleness at higher microsilica contents,
which reduces interparticle contacts and shear resistance.

As shown in Fig. 8, with the addition of 15% microsilica to the oil-contaminated soil, the amount of internal friction angle
increased from 24.65° to 31.38°. However, with the addition of 20% microsilica, despite increasing the cohesion to about 19.66
kPa, the internal friction angle and the value of shear strength decreased. It is important to note that the value of cohesion, as well
as the internal friction angle of the soil, was very low due to the coating of soil particles with petroleum products which results in
reduced interaction between particles. As the dosage of microsilica in the oil-contaminated soil composition increased, the value of
cohesion and friction angle increased. The observed effect can be attributed to the increase in Optimum Moisture Content (OMC)
corresponding to the stabilized samples, which in turn enhances the adhesion between the soil particles [28]. Additionally, the
increase in the friction angle of the samples is attributed to the fact that, in the absence of microsilica, oil acts as a lubricant, allowing
the particles and soil grains to slide past one another. This reduces the interaction and friction between the particles [32, 33].

The observed decrease in friction angle when microsilica content increases from 15 to 20 % can be attributed to over-saturation
of the soil matrix with fine particles, which reduces interparticle friction and promotes a more brittle structure. At higher microsilica
dosages, excessive gel formation and filling of voids can partially disrupt the natural particle contacts, leading to a reduction in the
soil’s internal resistance to shear. This explains why, despite small changes in unconfined compressive strength, the friction angle
declines beyond the optimal 15 % dosage, highlighting the importance of identifying an optimal microsilica content for balancing
strength gain and shear stability.

3.4. Effect of microsilica on UCS of the contaminated soil

Fig. 9 demonstrates the results of the UCS test in terms of stress-strain changes. As observed, the addition of microsilica has
positively impacted the compressive strength of oil-contaminated soil. As the strain in the microsilica-treated samples increased, it
led to a shift in the soil's behavior from a brittle state to a more ductile state. The ultimate strength for each sample is shown in Fig.
10. The addition of 15% microsilica to the oil-contaminated soil significantly improved its structure and increased the sample's
strength by approximately 158% compared to the unstabilized soil, achieving a maximum Unconfined Compressive Strength (UCS)
of 2288 kPa. Notably, the strain at fracture for this sample was 12.38%, much higher than the 5.1% strain observed in the unstabilized
contaminated soil. However, further increases in microsilica content not only led to a slight reduction in compressive strength but
also decreased the strain by about 10.92%.
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These results align well with the shear strength test outcomes, indicating that the optimal microsilica content for oil-contaminated
soil is 15%. The observed increase in compressive strength can be attributed to the pozzolanic reaction between the silica and soil
particles in the presence of water, which occurs over time, enhancing the mechanical properties of the soil. The soil contains clay
minerals, which provide a limited amount of naturally occurring calcium (e.g., in carbonates or clay lattice structures). While
classical pozzolanic reactions typically require additional calcium sources such as lime or cement, the observed improvements in
soil properties are primarily attributed to surface interactions between microsilica and clay particles, particle agglomeration, and
flocculation. Therefore, even in the absence of added calcium, microsilica can effectively modify the mechanical behavior of clay-
rich soils. This point has been clarified in the manuscript, moderating claims related to classical pozzolanic reactions and
emphasizing the combined mechanical and surface-interaction effects of microsilica. Additionally, the internal friction of microsilica
particles plays a crucial role in strengthening the oil-contaminated samples. Microsilica reacts with the soil particles, improving
both internal friction and cohesion. This reaction counters the lubricating effect of the oil surrounding the soil particles, allowing
the formation of a more cohesive and integrated structure, ultimately leading to increased strength.

3.5. Effect of microsilica on consolidation behavior of the contaminated soil

One of the key parameters in foundation design on soil is the compression index (Cc), as it provides valuable insight into soil
settlement when subjected to increased loads. The compression index is determined from the slope of the linear portion of the e-log
p curve, which represents the relationship between the void ratio (€) and the logarithm of the applied pressure (p) [34]. In this study,
one-dimensional consolidation test was performed on all samples after 7 and 28 days of curing, during which the compression index,
coefficient of consolidation and void ratio were determined, the results of which are shown in Fig. 11. The results of the one-
dimensional consolidation test indicate that the addition of microsilica to the soil led to a reduction in the compression index of the
oil-contaminated soil after 7 and 28 days of curing.
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Initially, the compression index for the contaminated soil was 0.192. However, with the incorporation of microsilica, this value
decreased by 15%, reaching approximately 0.129 after 7 days of curing (Fig. 11a). Furthermore, the compression index continued
to decrease over the curing period, reaching approximately 0.11 after 28 days. This significant reduction in the compression index
can be attributed to the reaction between microsilica and the oil-contaminated soil particles. During these chemical reactions, a
cementitious gel is formed, which enhances the resistance of the samples to external loads, thereby improving the soil's overall
structural integrity [35]. However, with the increase of microsilica, the compression index increased again and reached 0.138.

Another important parameter derived from the one-dimensional consolidation test is the coefficient of consolidation (Cv), which
is usually obtained through the graphical method (i.e., logarithm of time) introduced by Casagrande and Fadum [36]. The coefficient
of consolidation is a measure of the rate at which consolidation occurs in soil under a given load. It indicates the time required for
a certain degree of consolidation to take place, reflecting the soil's ability to undergo compression over time when subjected to
increasing pressure [37]. It should be noted that two factors can affect this parameter, including the amount of compressed water
and the flow rate of that water. Fig. 11b shows the results obtained for the coefficient of consolidation. As can be seen, the addition
of microsilica to the oil-contaminated soil increased this coefficient at an early age. So that with the addition of 15% microsilica,
Cv increased from 0.015 cm2/sec for untreated soil to 0.041 cm2/sec. But with the addition of microsilica up to about 20%, it was
observed that the Cv value was reduced to 0.036 cm?/sec. It should be noted that the addition of microsilica to the soil after 7-day
curing caused chemical reactions in the samples. Short-term reactions, such as cation exchange, cause the structure of the
contaminated soil to flocculate, leading to an increase in the size of the soil particles. This, in turn, results in an increased coefficient
of consolidation (Cv) as well as higher permeability. In general, it can be stated that after 7 days of curing, attractive forces dominate
over repulsive forces due to the increased ion concentration. The replacement of monovalent ions on the surfaces of soil particles
with multivalent ions from the additive leads to the particles coming closer together. This process creates a flocculated structure in
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the soil, which increases the void size within the soil samples [21]. However, over time, as long-term reactions progress, the
coefficient of consolidation decreases further, even becoming lower than that of the oil-contaminated soil. This reduction can be
attributed to the formation of new cementitious products during the pozzolanic reactions, which fill the voids between the soil
particles, thereby reducing the soil's permeability and enhancing its overall stability. As can be seen, the addition of microsilica to
the contaminated soil after 28 days of treatment causes the coefficient of consolidation to decrease to about 0.018 cm2/Sec.
Therefore, the variations of Cv in the short and long term were different and opposite to each other.

Fig. 11c illustrates the variation in initial void ratios for different oil-contaminated soil compositions. As the microsilica content
increased to 15%, the void ratio increased, but then decreased with a further increase in microsilica content to 20% after 7 days of
curing. The void ratios for oil-contaminated soil stabilized with 15% and 20% microsilica were 0.55 and 0.49, respectively,
compared to 0.47 for the unstabilized contaminated soil. The addition of microsilica to the samples led to a decrease in the density
of the samples. This can be attributed to the chemical reactions between the microsilica and soil particles, which result in the
agglomeration or flocculation of the particles. This leads to an increase in the void ratio, which consequently decreases the density
of the samples, as observed in the density test. However, as previously mentioned, after 28 days of curing, the formation of new
cementitious products fills the voids within the soil, reducing the void ratio. Specifically, after adding 15% microsilica to the
contaminated soil, the void ratio decreases to approximately 0.35 after 28 days of curing.
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4, Discussion

The results of this study indicate that the addition of 15 % microsilica to fuel oil-contaminated soil significantly improves soil
plasticity, unconfined compressive strength, shear strength, and consolidation parameters. This dosage was selected as the optimal
content under controlled laboratory conditions based on detailed sensitivity analysis, which included microsilica contents up to
20 %. The data show that while the maximum dry density remained almost unchanged between 15 % and 20 %, shear strength
decreased beyond 15 %, and unconfined compressive strength showed minimal change, indicating that 15 % represents a balance
between mechanical improvement and potential adverse effects. Consolidation parameters after 28 days further confirmed that 15 %
microsilica provides an effective balance between strength development and settlement control. The primary mechanisms
contributing to these improvements include pozzolanic reactions, flocculation, and cementitious gel formation, as reported in
previous studies.

Unlike nanosilica, microsilica is relatively cost-effective and widely available for laboratory and research purposes, allowing for
precise and controlled evaluation of its effects. It should be noted that this study focuses on the research and laboratory evaluation
phase, and the results cannot be directly generalized to large-scale field applications. For practical implementation, further
consideration of optimal dosages, constructability, and economic feasibility is required. With ongoing technological advancements
and improvements in production processes, the cost of microsilica and nanosilica is expected to decrease, enhancing their practical
applicability and economic viability in engineering projects.

The observed temporal reduction in compression index and void ratio indicates that time-dependent pozzolanic reactions play a
significant role in the long-term consolidation behavior of microsilica-stabilized oil-contaminated soils. As curing progresses, the
pozzolanic reaction between microsilica and soil minerals promotes the formation of additional cementitious gels, which fill voids,
bind soil particles, and increase structural stiffness. This process not only reduces compressibility but also enhances resistance to
settlement under sustained loading. While long-term field behavior beyond laboratory conditions remains to be confirmed, these
findings highlight the importance of curing time in optimizing the consolidation performance of treated soils and provide a basis for
future investigations on long-term settlement under realistic field loads.

In addition to geotechnical performance, the sustainability aspects of microsilica should also be considered. Microsilica, as an
industrial by-product from silicon and ferrosilicon alloy production, represents industrial waste valorization, converting a by-product
into a value-added material. Its use contributes to resource efficiency, reduces environmental burdens from waste disposal, and
aligns with sustainable engineering practices. Compared to traditional stabilizers such as Portland cement or lime, which are energy-
intensive and associated with higher carbon footprints, the use of microsilica can lower the overall environmental impact of soil
stabilization. Recent studies in the literature have emphasized the importance of evaluating both mechanical performance and
environmental compatibility when selecting stabilizing materials, including assessing potential reductions in environmental burden
associated with alternative additives such as microsilica and nano-TiO: in geotechnical soil stabilization [38].

The observed reduction in soil plasticity and improvement in unconfined compressive strength after 28 days highlight the
effectiveness of microsilica stabilization under controlled laboratory conditions. These results suggest that the treated soils can be
considered for pavement subbase or road construction applications, where moisture conditions can be controlled, and uniform
compaction is achievable. However, for semi-deep or deep soil improvement projects, the variability in moisture content,
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heterogeneous contamination levels, and scale effects in the field may influence the stabilization efficiency. Therefore, further
investigations, including pilot-scale or in-situ trials, are necessary to assess the practical applicability and optimize treatment
strategies under real field conditions.

Furthermore, the improved strength and compressibility of microsilica-stabilized oil-contaminated soils have direct implications
for deep foundation performance. The modified soil parameters, including reduced plasticity, increased shear strength, and
controlled compressibility, can be used as input in both analytical and experimental assessments of helical pile capacity under
tension and compression, as demonstrated in previous studies on dense sand. Incorporating these parameters allows the extension
of existing models to contaminated and remediated ground conditions, providing valuable guidance for foundation design and
performance prediction in areas affected by fuel oil contamination. Further research is recommended to validate these applications
under field conditions with variable moisture content and soil heterogeneity.

5. Concluding remark

In this study, an effort was made to explore the potential of using microsilica to stabilize oil-contaminated soils. To achieve this,
a series of laboratory tests was conducted on soil samples both with and without microsilica, leading to the following key findings:

e The addition of microsilica to the oil-contaminated soil resulted in an increase in Optimum Moisture Content (OMC) and
a decrease in Maximum Dry Density (MDD). The most significant change in MDD was observed with the inclusion of
15% microsilica in the contaminated soil. Furthermore, the incorporation of microsilica altered the particle size distribution
and increased the particle surface area of the mixture compared to the untreated oil-contaminated soil sample.

e The inclusion of microsilica in the soil matrix resulted in the flocculation of particles after the curing period, leading to a
reduction in both the Liquid Limit (LL) and Plastic Limit (PL), which, in turn, decreased the plasticity of the soil samples.
Notably, the reduction in Plasticity Index (PI) and LL could potentially alter the Unified Soil Classification System (USCS)
classification from ML (Silt with Low Plasticity) to CL (Clay with Low Plasticity).- The addition of microsilica up to 15%,
along with an increase in vertical confining pressure, resulted in an enhancement of the shear strength of the soil samples.
Additionally, the incorporation of microsilica into the contaminated soil reduced the lubricating effect, thereby increasing
both the cohesion and friction angle of the soil.

e The addition of 15% microsilica to the contaminated soil increased its unconfined compressive strength (UCS) by
approximately 158% after 28 days of curing, reaching a maximum value of 2288 kPa. Furthermore, the strain at fracture
for this sample was 12.38%, which is significantly higher than the 5.1% observed for the untreated contaminated soil. The
increase in UCS in the presence of microsilica can be attributed to the pozzolanic reaction between the silica and soil
particles in the presence of water, which enhances the strength of the soil.

e As the microsilica content increased to 15%, the compression index decreased after both 7 and 28 days of curing.
Meanwhile, the coefficient of consolidation and void ratio showed an increasing trend in the short term and a decreasing
trend in the long term. It is important to note that short-term reactions, such as cation exchange, altered the contaminated
soil structure to a flocculated form, resulting in a larger grain size and subsequently increased void ratio and permeability.
In contrast, during long-term reactions, the formation of a cementitious gel filled the voids, thereby enhancing the resistance
of the samples to external loads.

For future research, it is recommended to perform microstructural analyses, such as scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), Fourier-transform infrared spectroscopy (FTIR), or X-ray diffraction (XRD), to
provide direct evidence of mechanisms like pozzolanic reactions, flocculation, and cementitious gel formation, and to further
understand and validate the processes involved in soil stabilization.
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Available online 01 October 2026 during the strong-motion phase of the earthquake, followed by a degree of post-shaking
stabilization that is strongly governed by soil mechanical properties. The induced
deformations may lead to longitudinal and transverse cracking, reduction in effective

settlement behavior of embankments. The results demonstrate that elevated groundwater
conditions and the onset of soil liquefaction markedly intensify permanent deformations

embankment height, and progressive modification of slope geometry, thereby impairing
structural integrity and traffic safety. The study highlights the importance of incorporating
seismic frequency content, coupled hydro-geotechnical conditions, and soil strength
characteristics into the seismic design, evaluation, and rehabilitation of road embankments
in earthquake-prone areas. The findings contribute to improving predictive assessments
and offer practical implications for enhancing the seismic resilience of transportation
infrastructure.

1. Introduction

Iran is situated within the Alpine—Himalayan seismic belt, one of the most tectonically active regions in the world, and is
therefore repeatedly subjected to moderate to strong earthquakes. Numerous historical and recent seismic events have resulted in
extensive damage to transportation infrastructure, particularly road embankments, which constitute a fundamental component of
road networks. The seismic vulnerability of these earth structures poses a serious challenge, as their failure can severely impair
traffic circulation, delay emergency operations, and hinder post-earthquake recovery.

Road embankments are commonly constructed to overcome complex topographical conditions, provide grade separation, and
ensure continuity of transportation corridors. Under seismic loading, however, these structures are exposed to inertial forces, cyclic
shear stresses, and excess pore water pressure generation, which may lead to large permanent deformations, slope instability, and
in severe cases, liquefaction-induced failure. Previous studies have shown that earthquake-induced damage to embankments can
cause disruptions comparable to, or even exceeding, those observed in structural roadway elements such as bridges and pavements,
particularly when constructed on soft or saturated soils [1, 2]. Field evidence from major earthquakes, including the Bam (2003),
East Azerbaijan (2012), and Kermanshah (2017) events, has highlighted the susceptibility of Iranian road embankments to seismic
loading. In many cases, embankments are founded on weak or fine-grained soils with high plasticity, especially along rural and
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secondary road networks where locally available materials are widely used. Although these soils may perform adequately under
static conditions, their stiffness and shear strength can degrade significantly during seismic shaking, resulting in excessive
settlement, cracking, and loss of stability. The challenge of improving embankment performance in seismic regions is further
compounded by economic, environmental, and geographical constraints. Large-scale replacement of weak soils or extensive
structural interventions are often impractical. Consequently, there is a growing need for efficient and sustainable solutions that
enhance the dynamic behavior of embankments while minimizing construction costs and environmental impacts. Soil stabilization
and reinforcement techniques, including chemical additives, geosynthetics, and innovative eco-friendly materials, have emerged as
promising approaches to mitigate seismic-induced deformations and improve overall stability. Despite existing research, there
remains a need for comprehensive numerical investigations that explicitly account for dynamic loading characteristics, groundwater
conditions, and soil improvement measures within a unified framework. In this study, the seismic response of road embankments
under dry and saturated conditions is examined through advanced finite difference modeling using FLAC. The primary objective is
to evaluate the effectiveness of selected stabilization strategies in reducing permanent deformations and enhancing embankment
resilience under earthquake loading. The outcomes of this research aim to provide practical insights and design-oriented guidance
for improving the seismic performance of road embankments, thereby contributing to the resilience and sustainability of
transportation infrastructure in earthquake-prone regions.

2. Literature review

Earthquake-induced permanent deformations in road embankments are commonly attributed to several fundamental
mechanisms, which may act independently or simultaneously depending on the soil conditions and seismic characteristics. These
mechanisms can be broadly classified into compaction, lateral spreading, and global instability, as schematically illustrated in Fig.
1. Each mechanism reflects a distinct mode of soil response and deformation pattern under cyclic loading. Global instability is
typically associated with the localization of shear and deviatoric strains along a well-defined failure surface, leading to large-scale
slope failure or rotational sliding. In contrast, compaction and lateral spreading are characterized by more diffuse deformation
processes. Compaction involves volumetric strain accumulation caused by cyclic densification of loose soils, whereas lateral
spreading results from plastic shear deformations that develop over a wider zone, often triggered or amplified by excess pore water
pressure generation. These mechanisms lead to progressive settlement, horizontal displacement, and gradual alteration of the
embankment geometry rather than abrupt collapse. A clear distinction between these deformation modes is essential for accurate
seismic performance evaluation and for the development of effective mitigation and retrofitting strategies. Failure to identify the
dominant mechanism may result in inadequate design solutions or underestimation of seismic risk. Post-earthquake reconnaissance
studies and documented case histories provide valuable insights into these behaviors. Representative examples of road embankment
failures observed during various seismic events are presented in Figs. 2-7 [3, 4], illustrating the range of damage severity and the
influence of local soil conditions, groundwater levels, and earthquake characteristics. Previous studies have emphasized that the
interaction between seismic loading parameters and site-specific geotechnical conditions governs the dominant deformation
mechanism and the resulting embankment response. Consequently, advanced numerical modeling and well-calibrated analytical
approaches are increasingly employed to capture these complex behaviors and to improve the reliability of seismic assessment
methods for road embankments.

(b)

(c)
Fig. 1. Conceptual illustration of permanent deformation mechanisms in road embankments subjected to seismic loading: (a)
volumetric compaction, (b) lateral spreading, and (c) global slope instability. Dashed outlines represent the initial (undeformed)
configuration, while solid outlines indicate the post-earthquake deformed geometry.
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Fig. 2. Vertical cracking observed along road alignments following the Haiti earthquake.

Fig. 4. Surface cracking on a road embankment after the 1980 Irpinia earthquake, Lioni, Italy.
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Fig. 6. Shear failure in a road embankment during the 2010 Chile earthquake, éhowing notable lateral pavement displacement.
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Fig. 7. Longitudinal cracking in a road embankment during the Peru earthquake, reflecting tensile stresses along the road axis.

In recent years, extensive numerical research has been devoted to improving the understanding of the seismic behavior of road
embankments, particularly in regions characterized by high seismicity and soils prone to liquefaction. Strong ground motions can
induce significant degradation of soil shear strength, generate excess pore water pressures, and result in large permanent settlements
and lateral displacements. These complex soil-structure interactions highlight the necessity for reliable seismic performance
assessment frameworks and resilient design methodologies for transportation infrastructure.

Khalil et al. [5] developed numerical fragility curves for highway embankments using a multi-mechanism elasto-plastic
constitutive formulation. In their study, embankment settlement was adopted as the damage variable, while peak ground acceleration
(PGA) served as the intensity measure, enabling a probabilistic evaluation of seismic vulnerability. Similarly, Oblak et al. [6]
employed the advanced PM4Sand constitutive model to simulate liquefaction-induced deformations, using permanent settlement at
the embankment crest as a damage index. Their results demonstrated that the use of state-of-the-art constitutive models significantly
enhances the accuracy of predicting embankment response under earthquake loading, particularly in liquefiable soil conditions.
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Further investigations have focused on the performance of the UBC3D-PLM model in capturing the dynamic response of
embankments subjected to seismic excitation. Studies by Chakraborty and Sawant [7] confirmed the capability of this constitutive
model to realistically reproduce key mechanisms such as dilation, cyclic mobility, and permanent deformation in sandy and silty
deposits. These findings underscore the robustness of UBC3D-PLM as an effective numerical tool for simulating complex soil
behavior and evaluating embankment performance in earthquake-prone environments.

At the network level, one of the most comprehensive efforts to date is the REDARS 2 framework, developed through a
collaborative initiative between the Multidisciplinary Center for Earthquake Engineering Research (MCEER) and the Federal
Highway Administration (FHWA). Introduced in 2006, REDARS 2 provides a systematic methodology and software platform for
seismic risk assessment of highway systems. The framework integrates regional seismic hazard analysis, component-level damage
modeling for bridges, roadways, tunnels, and embankments, and traffic network simulation to quantify post-earthquake disruptions.
While REDARS 2 has been primarily calibrated for regions such as California, its development highlighted the critical need for
region-specific seismic risk assessment tools that reflect local geotechnical conditions and seismic characteristics. EI-Maissi et al.
[8] indicated that road networks are critical components of transportation infrastructure, essential for economic and social
development, and must maintain functionality during and after seismic events. Recent research has focused on assessing the
vulnerability of road networks and their assets, examining damage states and associated impacts. Two main approaches have been
employed: physical-based methods, including fragility functions and vulnerability indices, and traffic-based methods, emphasizing
accessibility and link importance. This review highlights the strengths and limitations of these methodologies, identifies key research
gaps, and provides directions for future studies on seismic resilience of road networks. El-Maissi et al. [9] investigated that urban
road networks are key components of resilient infrastructure, requiring robust performance during earthquakes. Previous studies
often focused on single-criterion physical vulnerability, neglecting interactions with surrounding built environments. This research
introduces an integrated approach using two Vulnerability Indexes: Intrinsic Seismic Vulnerability (ISVI) for direct roadway
damage and Eccentric Seismic Vulnerability (ESVI) for impacts from adjacent building damage. The combined assessment
enhances emergency planning and accessibility to critical services, providing a comprehensive tool for urban resilience and risk
mitigation.

Yildirim et al. [10] indicated that Seismic events pose critical risks to urban road infrastructure, affecting both road networks
and adjacent buildings. This study proposes an integrated vulnerability assessment using an Interval-valued Fermatean fuzzy
Analytic Hierarchy Process, combining quantitative and qualitative criteria to evaluate risk for each road segment. The methodology
captures interactions between damaged buildings, road networks, and disaster response, enhancing preparedness and mitigation
strategies. Case studies in Istanbul and G6lbasi, Tirkiye, validate the approach and demonstrate its effectiveness in identifying high-
risk areas and supporting resilient urban infrastructure planning. Broniewicz and Ogrodnik [11] reviewed recent literature on multi-
criteria decision-making (MCDM/MCDA) in the transport sector, highlighting popular methods and emerging research trends from
2021 to 2024. A case study on a road investment in Poland demonstrates the application of different criteria weighting techniques,
including AHP, Fuzzy AHP, and CRITIC. The TOPSIS method was employed to rank project alternatives, with results compared
to official design documentation. The findings illustrate the effectiveness of MCDM approaches for transport decision-making and
emphasize the influence of weighting methods on project evaluation outcomes.

Overall, the existing body of literature demonstrates significant progress in modeling and assessing the seismic performance of
road embankments [12-15]. However, there remains a clear need for comprehensive numerical studies that integrate advanced
constitutive models, site-specific soil conditions, groundwater effects, and realistic seismic inputs within a unified framework.
Addressing these gaps is essential for improving the reliability of embankment performance predictions and for developing practical
design and retrofit strategies tailored to seismically active regions such as Iran. Despite the substantial advances reported in the
literature, several critical gaps remain in the seismic assessment of road embankments. Most existing studies focus either on fragility-
based evaluations or on advanced constitutive modeling without systematically investigating the combined influence of seismic
intensity measures, frequency content, groundwater conditions, and soil improvement strategies within a unified numerical
framework. In particular, the coupled effects of groundwater level variations and liquefaction susceptibility on permanent
embankment deformations under realistic earthquake records have received limited attention. To address these gaps, the present
study employs advanced finite difference modeling to investigate the seismic response of road embankments under both dry and
saturated conditions, explicitly accounting for key earthquake characteristics and soil behavior. The novelty of this research lies in
the integrated evaluation of embankment deformation mechanisms, liquefaction effects, and stabilization measures, providing
design-oriented insights that contribute to the development of more resilient and region-specific seismic design and retrofitting
guidelines for transportation infrastructure.

3. Numerical simulation
3.1. Static analysis

The seismic response of the material and its tendency for strain softening are largely governed by its initial stress state and
inherent properties [16]. To simulate a steady-state free-field condition, the model is initialized with geostatic stresses assigned to
each grid zone, which allows the system to achieve equilibrium through mechanical computations. In the static analysis, the road
embankment was subjected exclusively to gravitational loading. The base of the model was fully constrained in all directions, while
the lateral boundaries were restricted along the x-axis. It is essential to disable the flow calculation feature during this stage.
Moreover, to avoid coupling effects between pore pressure and volumetric deformation, the bulk modulus of water was set to zero.
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3.2. Dynamic analysis

Following the static analysis under effective stress conditions, the dynamic response of the embankment system was investigated
through the following procedure:

Step 1 — Baseline Correction

Prior to applying the horizontal components of the earthquake records, baseline correction of the acceleration histories was
performed. Direct double integration of uncorrected acceleration often results in residual displacements at the end of the motion. To
address this, a low-frequency adjustment was added to the input ground motion, ensuring that the final displacement returns to zero.

Step 2 — Wave Propagation Considerations

Accurate wave propagation is critical in dynamic simulations. Errors may arise if the numerical grid does not appropriately
capture the highest shear wave frequencies of the soil. The finite difference grid spacing was determined based on the maximum
allowable shear wave frequency, f, calculated as [16]:

f = om @

where

¢, is the shear wave velocity of the soil, and Al represents the largest grid dimension. A uniform grid size of 1 m x 1 m was
adopted, resulting in a maximum permissible frequency of 5 Hz corresponding to the slowest soil layers. To ensure numerical
stability, the input earthquake records were filtered with a low-pass filter set to 4 Hz, accounting for potential reductions in shear
wave velocity due to plastic deformation during seismic loading.

Step 3 — Dynamic Boundary Conditions: Kuhlemeyer RL, Lysmer

To simulate free-field conditions at the model boundaries, free-field boundary conditions were applied laterally, while absorbing
boundaries were implemented to emulate the outward propagation of waves at the base. The viscous boundaries developed by
Kuhlemeyer Roger and Lysmer [17] were utilized to effectively absorb outgoing waves, thus approximating half-space behavior.
The horizontal components of acceleration records from the Imperial Valley, Kobe Port Island, and Kocaeli earthquakes were
applied at the model base. These accelerations were converted into equivalent shear stress waves following the procedure described
in FLAC [16].

Step 4 — Rayleigh Damping Implementation

Rayleigh damping, comprising two frequency-dependent viscous components, was applied to all model elements. By selecting
an appropriate center frequency, damping can be maintained nearly constant across a range of frequencies surrounding this point
[16]. The center frequency was chosen between the natural frequency of the system and the predominant frequency of the input
motion, and a damping ratio of 5% was assigned. Dynamic simulations were then performed, and the responses were recorded for
subsequent interpretation and assessment.

3.3. Equilibrium equations and constitutive model

In more general situations for which the soil is not in static equilibrium, for example, during seismic wave propagation, the
governing equations are the equations of motion. The dynamic analyses were conducted as fully non-linear elasto-plastic two-
dimensional coupled stress-flow analyses with coupled liquefaction triggering using the Fast Lagrangian Analysis of Continua
(FLAC) [16]. In FLAC, calculation of displacements and pore pressure is carried out by solving a coupled system of equations,
including the motion equation and the diffusion equation. In this code, saturated soil is treated as a two-phase material. Biot coupled
equations were used for the soil and water phases. Pore pressure generation is incremental and fully integrated with the nonlinear
dynamic analyses. During dynamic analyses, pore fluid simply responds to changes in pore volume caused by mechanical dynamic
loading. The average pore pressure does not vary significantly during the analysis. It is known, however, that pore pressure may
build up considerably during cyclic shear loading. It is important to incorporate this physical process in the coupled nonlinear
dynamic analysis. Martin Geoffrey et al. [18] proposed the following empirical equation that relates the increment of volume
decrease,A¢,4, to the cyclic shear-strain amplitude,y:

2
Agyq = c1(y — C28p0) + _2%ed 2

Y—Ca€pd

Byrne [19] proposed a modified two-parameter effective stress model (Eg. 3).

A?’d = cyexp (-Cz (%)) @)

Where ¢, and c,are constants with different interpretations from Eq. (3), ¢, can be derived from relative density, D,., as follows:

¢, = 7600(D,)725 4
0.4

€2 =— %)
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Further, Byrne [19] represented an empirical relation between D,. and a normalized standard penetration test (N;)¢, values.
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D, = 15 (N} (6)
¢ =87 (Ny)go?® (7)

The above mentioned formulation is available in FLAC as a built-in model and was adopted in this study along with a bilinear,
elastic- perfectly plastic stress—strain relationship and Rayleigh damping. Therefore, during dynamic analysis, as effective stresses
decrease with increase in pore pressure, the soil begins to yield and increments of permanent deformation are accumulated.

3.4. Numerical modeling of seismic response of road embankments on liquefiable soils

Numerical analyses of the road embankments were conducted using the finite difference software FLAC [16] to investigate their
seismic response on liquefiable soils. The main objective of the simulations was to quantify embankment deformation and stability
under dynamic earthquake loading conditions. The embankment was founded on a 10 m thick layer of loose sand with a relative
density of 30% (Dr = 30%), modeled as a homogeneous, cohesionless material following the Mohr—Coulomb failure criterion. This
liquefiable sand layer was placed atop a dense gravelly stratum representing the underlying foundation soil, based on geotechnical
site investigations. To capture realistic pore pressure effects, the water table was gradually raised to exceed the sand layer, ensuring
full saturation of the liquefiable soil. The material parameters for both the soils are summarized in Table 1. The numerical model
setup allowed for an explicit evaluation of liquefaction-induced settlements, lateral spreading, and potential slope instabilities under
prescribed earthquake motions, providing insights into the coupled behavior of embankments and their supporting soils during
seismic events.

Table 1. Material properties of the road embankment and foundation soils used in the seismic analysis.

Material type Yury (kg/m®) (kg/m?) 0 C (KPa) W v K (m/s) n E (KPa) N1s0)
Road embankments 17 19 32 1 2 0.25 1x1073 0.35 8 x 10* 16
Sand 16 18 25 0 0 0.3 1x10°° 0.44 2 x 10* 10
Dense gravelly soil 19 21 38 0 8 0.25 1x 1077 0.24 1.2 x 10* 45

The finite difference model of the road embankment and underlying soil layers is illustrated in Fig. 8. To represent the seismic
response of the liquefiable silt layer, the Finn constitutive model was employed. This model incorporates a coupled effective stress
framework, combining the Mohr—Coulomb failure criterion with volumetric strain—based pore water pressure generation, enabling
a realistic simulation of liquefaction-induced behavior. Boundary conditions were applied by fully restraining displacements at the
base of the model, while the embankment and soil layers were allowed to deform freely elsewhere. Prior to applying dynamic
earthquake excitations, the model was brought to static equilibrium to ensure a stable initial stress state. This approach allowed for
a robust evaluation of embankment settlements, lateral spreading, and slope stability under seismic loading, capturing the coupled
interaction between the embankment and the liquefiable foundation soils.

Fig. 8. Schematic geometry and finite difference mesh of the road embankment model used in the seismic analysis.

Each numerical model was subjected to earthquake excitation derived from a scaled record of the Kobe earthquake (1995),
Northridge (1994), and Loma Prieta (1989) (Fig. 9). The selected ground motion records were obtained from the PEER Strong
Motion Database, as summarized in Table 2. The analyses focused on evaluating the seismic response of the embankments by
monitoring the evolution of excess pore water pressure ratios (ry = 4u/oo), as well as horizontal and vertical displacements at the
crest and along the slopes. This approach enabled a detailed assessment of embankment deformation mechanisms and liquefaction-
induced effects under realistic seismic loading conditions.
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Fig. 9. Ground motion records selected for dynamic time-history analyses of the road embankment models.

Table 2. Seismic input parameters used in the numerical analysis.
Record M,,  Predominant period, T,(s) PGA(g) 1I,(m/s) PGA/PGA (s) Ds_g5(s) Specific energy density (J. m~2sec2)

0.392

Elcentro (1940) 7.2 0.46 0.32 2.321 0.097 25 2170.75
5.725
0.320

Kobe (1995) 6.9 0.16 0.32 1.896 0.082 8.7 1256

4.692
0.232

Kocaeli (1999) 74 14 0.32 1.33 0.182 10 10395
3.284

3.5. Model validation

The soil behavior in this study was represented using a combination of the elasto-plastic Mohr—Coulomb model and the Finn
constitutive model to capture liquefaction-induced phenomena in loose, saturated granular soils. Material properties, including bulk
and shear moduli and soil density, were calibrated based on centrifuge test results to ensure realistic response under dynamic loading.
Fully coupled nonlinear dynamic analyses were conducted using the explicit finite difference code FLAC (Itasca) [16], which solves
a coupled system of equations encompassing both the equations of motion and pore pressure diffusion. In this framework, saturated
soils are modeled as two-phase materials using Biot’s theory to account for soil-water interactions. Prior to applying seismic
excitation, static analyses were performed under gravity loading with fully fixed base boundaries and lateral boundaries constrained
in the horizontal direction. To decouple pore pressure from mechanical volume changes, the water bulk modulus was set to zero.
The cyclic pore pressure generation in the liquefiable soil was modeled following the empirical relationship proposed by Byrne
[19], based on Martin Geoffrey et al. [18], which links volumetric strain increments to the amplitude of cyclic shear strain. This
approach was implemented in FLAC using the built-in model along with a bilinear elastic—perfectly plastic stress—strain response
and Rayleigh damping. During dynamic simulations, effective stresses decreased with increasing pore pressure, initiating soil
yielding and progressive accumulation of permanent deformations. The model was validated by comparing the evolution of excess
pore pressures obtained from numerical analyses with centrifuge experimental measurements (Fig. 10). The close agreement
between predicted and observed pore pressure curves confirms the reliability of the numerical approach for simulating liquefaction-
induced behavior and supports its application for assessing the seismic performance of road embankments founded on liquefiable
soils.

4. Result and discussion

This section presents a detailed evaluation of the dynamic response of the road embankment and the underlying liquefiable soil.
The analyses focus on the temporal evolution of excess pore water pressure ratios (r.), as well as vertical and horizontal
deformations, both within the free-field soil and along the embankment. By comparing the time histories at key locations, insights
into the mechanisms driving embankment settlements, lateral spreading, and overall stability under seismic loading are obtained.
The results are interpreted in the context of the interaction between cyclic shear stresses, pore pressure development, and the
mechanical properties of the soil layers. Trends in pore pressure generation and dissipation are correlated with corresponding
deformations, highlighting the influence of liquefaction on embankment performance. Furthermore, spatial variations in settlement
and lateral displacement are examined to identify critical zones susceptible to instability. This comprehensive analysis provides a
mechanistic understanding of the seismic behavior of embankments on liquefiable foundations and informs the effectiveness of
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potential mitigation or stabilization strategies.
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Fig. 10. Comparison of excess pore pressure evolution between centrifuge experiments and the numerical model.

4.1. Free field

The temporal variation of excess pore water pressure ratio (ry) at different depths in the free-field soil during seismic shaking is
presented in Fig. 11. The evolution of r, is strongly influenced by the characteristics of the earthquake input, with peak values
occurring during the maximum strong-motion phase, followed by gradual dissipation. These observations indicate that a substantial
portion of the soil experiences a significant reduction in shear strength during the seismic event. The pronounced increase in pore
pressure underscores the potential for liquefaction and associated deformations, emphasizing the need for effective mitigation
strategies to safeguard the stability and integrity of road embankments constructed on such vulnerable soils.
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Fig. 11. Evolution of excess pore water pressure ratio at depths of 2, 4, and 6 m in the free-field soil under the Kobe earthquake
0.32 g).

4.2. Conditions of the roadway embankment during seismic loading

The dynamic response of road embankments during strong seismic events, such as the Kobe earthquake, is a critical determinant
of transportation infrastructure performance. Under earthquake loading, embankments exhibit vertical settlements driven by soil
densification and shear deformation, alongside horizontal displacements caused by reductions in soil shear strength. These
deformations can lead to a decrease in embankment height, alterations in slope geometry, surface irregularities, and localized stress
concentrations, potentially resulting in partial or localized structural failures. Additionally, asymmetric displacement patterns
generate bending and torsional stresses, which further increase the susceptibility of the embankment to cracking and localized
deformations (Fig. 12). To mitigate such effects, engineering interventions including dynamic compaction, soil improvement
through grouting or chemical stabilizers, enhanced drainage, and resilient design strategies are recommended. The findings
underscore the importance of targeted research into embankment stability under seismic excitation, particularly in regions with
liquefiable or weak soils, to inform effective design, retrofitting, and risk-reduction strategies.

(b)
Fig. 12. Vertical settlement (a) and horizontal displacement (b) of the road embankment under the Kobe earthquake acceleration
record(0.32 g).
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Fig. 13. Vertical settlement profile of the roadway embankment under the Kobe earthquake (0.32 g).
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As illustrated in Figs. 13 and 14, the presence of liquefiable soil layers beneath the roadway embankment induces pronounced
and non-uniform vertical settlements as well as lateral displacements. Such asymmetric deformations can compromise the structural
integrity of the embankment, potentially causing substantial damage to the roadway foundation and affecting its serviceability.
These observations highlight the critical influence of underlying soil conditions on seismic performance and underscore the need
for targeted mitigation and stabilization measures in embankments constructed on liquefiable deposits.

4.3. Influence of peak ground acceleration (PGA)

The results presented in Tables 3 and 4 indicate that increases in peak ground acceleration (PGA), combined with elevated
groundwater levels, substantially amplify both horizontal and vertical deformations of the roadway embankment. Higher PGA
intensifies lateral seismic forces, while a raised water table reduces effective soil strength, exacerbating the potential for liquefaction
and embankment instability. Under these conditions, the embankment is susceptible to deep surface cracking, localized distortions,
and even partial structural failure. To mitigate these risks, strategies such as enhanced drainage systems, soil improvement through
grouting or chemical additives, and the design of more resilient embankment structures are recommended. These findings emphasize
the critical need for detailed investigations into the combined effects of seismic intensity and hydrogeological conditions on
embankment performance. Moreover, they provide a practical basis for developing engineering solutions aimed at improving safety
and minimizing earthquake-induced damage to transportation infrastructure.

Table 3. Crest horizontal displacements of the roadway embankment under the Kobe earthquake at varying peak ground
accelerations (PGA).
Horizontal displacement (m)

Groundwater level from ground surface (cm) (PGA =0.15) (PGA =0.25) (PGA =0.35) (PGA =0.45)
100 1.32 1.82 214 3.62
60 1.86 241 3.12 415
20 2.52 3.26 3.88 4.65

Table 4. Crest vertical settlements of the roadway embankment under the Kobe earthquake at varying peak ground accelerations

(PGA).
Settlement (m)
Groundwater level from ground surface (cm) (PGA =0.15) (PGA =0.25) (PGA =0.35) (PGA =0.45)
100 1.45 1.75 2.35 311
60 1.84 2.15 2.85 3.57
20 212 2.46 3.42 4.86

4.4. Influence of thickness of liquefiable soil

It is shown (in Fig. 15) that the effect of thickness of liquefiable soil on horizontal and vertical displacement profile of the
roadway embankment under the different earthquakes. It is clear that the amount of horizontal and vertical displacement significantly
increase with increase of thickness of liquefiable soil. This rate in higher PGA is more obvious especially (PGA > 0.35 g).
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Fig. 15. Horizontal and vertical displacement profile of the roadway embankment under the different earthquakes.

5. Conclusion

This study employed numerical simulations to investigate the seismic response of road embankments constructed on liquefiable
soils. The results demonstrate that the frequency content of earthquake input is a key parameter influencing both vertical and
horizontal deformations. Even under similar peak ground accelerations, differences in seismic energy distribution can result in
substantial variations in settlement and lateral displacement, highlighting the necessity of accounting for both PGA and input energy
characteristics in seismic assessments. The analyses further indicate that increases in ground acceleration and elevated groundwater
levels significantly exacerbate embankment deformations. Higher seismic forces, combined with reduced effective soil strength due
to increased pore water pressure, amplify the risk of liquefaction and slope instability. Free-field analyses revealed that lateral
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displacements, particularly near the surface, contribute notably to embankment instability. Peak settlements were observed
predominantly during the strong-motion phase, often resulting in deep cracking, localized distortions, reductions in embankment
height, and changes in surface slope. These deformations can compromise the structural integrity of the embankment and adversely
affect the performance of adjacent transportation infrastructure. The findings emphasize the importance of comprehensive seismic
evaluations for road embankments, particularly in regions with liquefiable soils. Mitigation strategies such as enhanced drainage to
control pore pressure, soil improvement through grouting or dynamic compaction, and resilient structural design capable of
accommodating a wide range of seismic frequencies and intensities are critical for reducing damage and improving overall stability.
Implementing these measures not only protects the embankment but also contributes to the resilience and safety of transportation
networks in seismically active areas.
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ARTICLEINFO ABSTRACT
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Middle euphrates region Qadisiya. These Iraq's central region provinces severely suffer from poor solid waste

Multi-criteria collection and disposal systems. There is no landfill site that meets the environmental

Decision-making standards, and this has led to several open dumping practices all around the region which
Aticle history: negatively impacted public and environmental health. The lack of national strategies and
Received 20 December 2025 v desi d landfill sit itated t acti to i 1 ¢ tainabl

Accepted 18 April 2026 properly designed landfill sites necessitated urgent action to implement a sustainable
Available online 01 October 2026 waste disposal method. This study tackles this problem by finding some safe locations for

sanitary landfill employing a combination of MCDM and GIS techniques. Selecting a
landfill site involves many criteria and restrictions, making it a challenging process. So, a
range of factors, including sixteen criteria, were determined and weighted using AHP and
SRS methods. A suitability index map for potential landfill sites was created by integrating
these criteria. The final suitability maps (AHP and SRS) indicated that the majority of the
region falls within moderate-to-high suitability classes, and eight candidate landfill sites
(two per province) were selected within the “high” and ‘most suitable” zones for possible
land filling. The study contributes to future waste management planning in Iraq’s Middle
Euphrates Region by integrating GIS-based suitability analysis with projected waste
generation and landfill capacity requirements up to 2040.

1. Introduction

Rapid population growth, urbanization, and economic development have led to constant increases in municipal solid waste
generation, posing significant challenges for sustainable waste management in developing countries. Inadequate infrastructure,
limited financial resources, and reliance on uncontrolled dumping or poorly managed landfills have raised environmental and public
health risks, including soil and groundwater contamination, air pollution, and ecosystem degradation. Besides population growth,
the increasing level of welfare and living standards are becoming the main cause of rising solid waste production in the world. The
expansion of economic and manufacturing activities in urban areas has also increased waste generation, making the management of
growing volumes of solid waste a critical challenge in modern urban environments. Waste management involves a range of
techniques and processes for the collection, transportation, treatment, and final disposal of waste materials, with the objective of
minimizing adverse environmental, economic, and public health impacts [1]. In low and middle-income countries, landfilling is the
most practical waste management option due to its relatively low costs, ability to handle unsorted waste, and lower technical
requirements compared to other methods [2]. Therefore, landfilling, whether through multiple local sites or a single centralized
facility, remains the most common disposal method in developing countries. When properly engineered, landfills represent a
significant environmental improvement over open dumping. Therefore, sanitary ground-based landfilling is generally preferred over
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open space waste domping everywhere [3].

Solid waste management also involves waste gathering generated by industrial, commercial, residential, and public sectors. It
represents a technical and systematic approach aimed at conserving natural resources by minimizing resource consumption and
promoting waste reduction, reuse, and recycling. This framework ensures that all waste materials, whether solid, liquid, gaseous, or
radioactive, are properly handled, treated, and disposed using appropriate methods to minimize their adverse impacts on the natural
environment [4]. The importance of these systems has grown in parallel with industrial and societal development of our
communities. At the beginning of the industrial revolution, better understanding of disease caused vaccination, sanitation systems,
and public health contributing to lower mortality rates, particularly among children, and increasing average life expectancy. While
at the same time, the rise of consumerist culture has contributed to an increase in the production of various types of wastes and their
related diseases [5]. Hence, municipal systems must adapt effective approaches to preserve public health, hygiene, aesthetics,
economic stability, and the environmental quality while the cities are developing [6]. Consequently, proper waste disposal through
accurate and careful siting of the disposal facility has become crucial.

When selecting a site, numerous factors must be considered, such as population growth, governmental laws, social and
environmental regulations, public health and safety issues, together with funding limitations from state and municipal sources [2].
Moreover, increasing the environmental awareness, limited land availability for waste disposal, and rising social and political
opposition to regional landfill sitings are emerging challenges in this field [7, 8]. In landfills, the biological breakdown of buried
organic material generates methane gas and leachate [1]. Waste disposal also leads to the release of toxic and other greenhouse
gases, and it will contribute to global warming and environmental degradation to large scales [9]. All these limitations make landfills
a transitional pathway toward more advanced integrated waste management systems in the intermediate term. Over the longer term,
however, municipal waste disposal methods are expected to evolve towards more advanced and sustainable options, including waste
incineration, large-scale composting, anaerobic digestion, and integrated recycling systems. The share of each may differ across
regions, and decisions are made based on the amount of waste generated, waste composition, technological needs, and the urban
planning capacity. Landfilling is easier to implement than other methods, and in general, it is inevitable in many cases. Therefore,
even in countries with diverse waste management approaches, landfills continue to be essential for disposing of unusable or residual
waste [10]. They also play a significant role in energy recovery from organic waste like an active bioreactor, which remains an
ongoing concern [11]. So alongside the novel methods, i.e., waste reduction, recycling, reuse, composting, and energy recovery,
landfilling is still and most probably in the future will be considered as an alternative for municipal waste disposal [12]. This
approach involves the controlled burial of waste in the ground with multiple engineering measures to limit leachate and gas
emissions [13]. Although landfill design and operational requirements are well documented in standards, guidelines, and technical
handbooks [2], landfill siting remains a location-specific decision that must account for regional characteristics, country-specific
regulations, and local constraints, necessitating modern methods and advanced tools [6, 7]. Recent studies have increasingly applied
integrated remote sensing (RS), geographic information systems (GIS), and multi-criteria decision making (MCDM) techniques for
municipal landfill site selection. Methodological transparency, robustness checking, and the production of planning-oriented outputs
to support decision-making in data-scarce contexts are what are specifically emphasized in these studies [7, 14-17]. Amirsoleymani
et al. [7] evaluated spatial restrictions for urban sanitary landfill siting in Mazandaran Province, Iran, using an integrated GIS and
Analytic Hierarchy Process (AHP) approach. Environmental, geological, hydrological, and socio-economic criteria were weighted
using expert judgment and spatially analyzed to identify suitable areas in accordance with Iran's national regulations. Elkhrachy et
al. [14] employed RS data combined with GIS-based MCDM to identify suitable landfill sites in Najran City, Saudi Arabia,
demonstrating the effectiveness of spatial analysis in addressing environmental and socio-economic constraints. Similarly, Saha and
Roy [15] applied an RS—-GIS-based MCDM framework to identify suitable waste disposal sites in Cooch Behar Municipality, India,
aimed to help sustainable site selection under rapid urban growth. Sharma et al. [16] proposed an integrated GIS-MCDM framework
incorporating zoning, ranking, and sensitivity analysis, highlighting the importance of robustness and decision reliability in landfill
siting processes. In more complex regions, Chaturvedi et al. [17] combined RS-GIS tools with AHP and VIKOR methods to address
landfill site selection challenges in hilly regions, demonstrating improved decision accuracy under topographic constraints.
Collectively, these studies confirm that integrated GIS-MCDM approaches provide systematic and reliable tools for
environmentally sound and socially acceptable landfill site selection.

It is worth noting that although sanitary landfills are accepted worldwide as a proper waste disposal method, they are not a
common practice in Irag, where open dumping is still widely used. Limited financial resources and lack of regulatory enforcement
and strategic national waste management plans, besides geological and hydrological difficulties, such as shallow groundwater levels
in many areas, seem to be the reason of prevalent open dumping traditions there. However, there are ongoing efforts in some Iraqi
governorates to identify and develop suitable sanitary landfill sites based on the future scenarios and tourist activities variable [1, 8,
18]. This study aims to determine the optimal landfill sites in the Middle Euphrates region by applying key criteria aligned with
ecological and technological regulations. Despite the extensive application of GIS-MCDM techniques in landfill siting studies,
regional-scale analyses comparing multiple weighting approaches within a region remain limited, particularly in data-scarce
contexts like Irag. This study contributes to fill this gap in Iraq by jointly applying AHP and SRS methods within a GIS environment
to support regional landfill planning across four provinces, while linking suitability outcomes with long-term waste generation and
capacity projections up to 2040.

2. Study area

The study area of this paper is located within Irag, a country in Western Asia bordered by several nations in the Middle East
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region. Irag covers an area of approximately 438,000 km?2 and exhibits diverse climatic, topographic, and hydrological conditions.
The country experiences predominantly hot summers and mild to cool winters, with precipitation varying significantly across
regions. In recent decades, the country has experienced rapid population growth and urban expansion, causing increasing pressure
on infrastructure systems, particularly municipal solid waste management. The study region comprises four provinces: Najaf,
Babylon, Karbala, and Qadisiya of the country of Iragq. Together, these provinces form the majority of the Middle Euphrates area,
spanning about 47,426 km?2 and accounting for 10.82% of Iraq's total area (Fig. 1).

Al-Najaf Province is located in southern Irag within the Mid-Euphrates Region. It is in a desert area, with an elevation of 70
meters above sea level [18]. The province borders Saudi Arabia externally. It spans roughly 28545 km? and has a population of
1,778,739 in 2024 [19]. It accounts for 6.6% of Irag's total land area and is located at coordinates latitudes 31° 59' 16" N and
longitudes 44° 19' 40" E. For administrative purposes, Al-Najaf is divided into three districts i.e.,Al-Najaf, Al-Kufa, and Al-
Manathera [20]. Babylon Province is one of the most renowned ancient cities worldwide. Founded 4,100 years ago, Babylon served
as the political centre of a vast and influential empire [21]. It spans an area of 5337 km2 in central Irag, approximately 100 km south
of Baghdad, situated at coordinates longitudes 44° 25' 28" E and latitude 32° 28' 00" N. Based on census data from 2024,
approximately 2,702,600 residents live within this province, distributed across its cities [22]. The primary district in the Babylon
Province includes Al-Hillah, Al-Musayib, Al-Mahawil, Al-Qasim, and Al-Hashimiyah [23]. These primary cities are connected to
sixteen smaller towns. Karbala Province covers 4,986 km2 and has a population of approximately 1,418,950 people [22]. It is
centrally located in Iraq between 44° 01’ 48" E longitude and 32° 37" 12" N latitude. The area includes three districts: Karbala, Ain
Al-Tamur, and Al-Hindiya. Muslims consider Karbala a sacred city because it contains some holy shrines for Shia Muslims. Each
year, millions of pilgrims participate in various events in Karbala City. During the major gathering, Al-Arba'een, over 20 million
pilgrims travel to Iraq for 15 to 20 days [23]. Al-Qadisyiah Province, also known as Al-Diwaniyah, is a major city located in south-
central Irag. It lies at latitudes 31°59' 00", and longitudes 44° 55' 00" E [24]. The province covers an area of 8558 kmz and is divided
into four primary districts, which include fifteen administrative regions, Al-Diwaniyah, Al-Shamiya, Afak, and Al-Hamza, and
eleven sub-districts [25]. According to data from the Iraqi Ministry of Planning [22], the population is 1,430,714. These four
provinces have implemented identical waste management strategies and are facing similar issues and challenges. A shared problem
among all of them is the mismanagement in the collection, transportation, and disposal of municipal solid waste into standard
sanitary landfills.

This study tries to estimate municipal waste generated in the Middle Euphrates Provinces by following a series of steps and
calculations derived from recent local studies. The data collected enables the projection of waste generation up to 2040 (period of
22024-2040), considering a 2.5% annual population growth. The daily waste per person for the four provinces was estimated using
data over the past five years, assuming a yearly increase of 1% in waste generation rates [19, 26]. The waste generated by visitors
in Al-Najaf Ashraf and Holy Karbala was estimated too [23]. For calculating the area required for each landfill, the study assumed
that 60% of the total waste comprises biodegradable materials, primarily organic components. This figure is grounded in prior
research examining urban waste composition across the four provinces in the study region [27]. Accurately estimating the total
volume of solid waste that requires disposal is a critical step in selecting appropriate landfill sites. To find optimal landfill site in
each region spatial analyses were carried out within the GIS environment, utilizing consistent spatial referencing and raster
processing settings to maintain methodological coherence.

44°0'07"E 43°45"0"E
%
z \-\\\ -
e &
= Babylon
£ [ Kerbala |Z
El — =
o B Najal I
2 Bl Qadissiya s
025 S0 100 Kilometers
[ .|
44°0'0"E 45°45'0"E.

Fig. 1. The study area (Middle Euphrates region) consists of four provinces.

3. Material and methods
3.1. Conceptual model and hierarchies

Fig. 2 presents a summary of the proposed model designed for identifying landfill sites across the four Middle Euphrates
Provinces in Irag. It shows a structured framework that integrates environmental, technical, social, and economic factors to identify
and compare suitable locations for a landfill. Environmental Criteria like the location of rivers, slope, land use, soil types, ground
water level, etc are the core components of this conceptual model while technical and social-economical criteria like distance from
residential areas (cities and villages), cultural sites, airport, refineries, power lines and accessibility to the site are other
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complementary criteria. For the criteria, there are some absolute exclusion or buffer zone requirements to protect lands. Some
countries have strict and clear national and regional environmental laws for the exclusions while Iraq lacks such detailed national
regulations specifically for landfill siting and relying instead on broader environmental laws and plans that emphasize general
protections. This step by step model first eliminates areas that violate legal and environmental constraints obtained through the
literature and previous studies and do the suitability analysis for the remaining areas using weighted criteria and finally rank and
classify the areas. The candidate sites compare for the accessibility and ownership ability and preferred site with minimum area
needed for the waste produced along the period of operation will be selected. The processing steps of GIS, including buffering,
distance mapping, reclassification, and weighted overlay, are described below in detail to ensure reproducibility.
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Fig. 2. Landfill site selection model and hierarchy of decision-making.

Applying the Weighted Linear
Combination (WLC) method to

Environmental and artificial factors for landfill siting in the study area illustrated in Fig. 3. Although there are many potential
criteria, using all of them is neither practical nor scientifically possible. Some out of many will be selected based on the scale and
purpose of the study, legal and regulatory requirements, direct influences on environmental and public health risk, conditions of
study region and expert local knowledge and judgment. Therefore, between numerous criteria proposed for landfill siting in the
literature, only a limited number were selected in this study. The selected criteria represent the most influential, non-redundant
factors, technical feasibility, and regulatory compliance at the regional planning scale.
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Fig. 3. Environmental and artificial factors for landfill siting in the study area.
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3.2. GIS map layers

Various methods were employed in this study to generate the necessary map layers within GIS software. The first approach
focused on creating individual shape files for various features, including urban areas, rivers, primary and secondary roads, villages,
elevation, slope, power lines, refinery fields, and railways. The second technique utilized published information maps comprising
geometric polygons representing locations, along with data stored in shape files, such as the soil types, sourced from lrag's
exploratory soil map, created at a scale of 1:1000000 [28] and the archaeological map of Iraq at the scale of 1:1500000, based on
the World Digital Library, which is used to pinpoint archaeological and religious sites across the study provinces. The third approach
uses kriging, an advanced spatial interpolation method, within ArcGIS's spatial analysis tools. It helps fill gaps between known data
points, offering a more detailed view of spatial relationships. This method was used to generate a groundwater depth map from data
collected from 222 wells across four provinces, based on information from the Iraqi Ministry of Water Resources [22]. The generated
maps are used to convert vector maps into raster format, enabling easier provision and visualization of the raster data. All spatial
datasets were processed within the ArcGIS environment (ArcGIS version 10.8) using the Spatial Analyst extension. A unified
coordinate reference system (CRS) was applied to all layers (WGS 84 / UTM Zone 38N), and all raster datasets were resampled to
a consistent spatial resolution of 30 x 30 m to ensure spatial compatibility prior to buffering, reclassification, and weighted overlay
analysis. GIS operations including Euclidean Distance, Buffer, Reclassify, Raster Calculator (Map Algebra), and Weighted Overlay
were applied systematically to generate standardized suitability layers.

3.3. Criteria selection

In the study, sixteen distinct criteria were created as layers encompassing the study region. Various GIS processes, including
buffering, clipping, extracting, overlaying, proximity analysis, converting, reclassifying, and map algebra, were performed to
generate the final layers, with each criterion being categorized within GIS. Based on earlier research and expert opinions, each class
has been assigned an appropriateness rating, as presented in Table 1. For each criterion, the geographical feature or key location
was encircled by a buffer zone. To develop the criteria map layers within the GIS framework, the entire study area was divided into
several zones. Subsequently, the buffer maps were converted into raster maps using the following process.

A digital GIS database was created, and the exclusion zones were set up to enforce mapping restrictions. It helps to establish
appropriate buffer zones or specific restrictions around the key areas to meet all criteria on the maps. MCDM models are used to
identify the most suitable option by assigning weights to each criterion according to its relative importance in achieving the research
objectives. Sub-criteria weightings are established based on literature, expert judgment, and environmental laws and regulations. To
develop an effective index map and indicate the priorities for landfill site selection, all weighted criteria derived from AHP and SRS
methodologies within GIS were overlaid.

Table 1. Suitability score for each selected criterion and its sub-criteria.

No. Criteria Buffer zone Rating values Notes
0-5km 0
5-10km 10
1 Urban area (km) Buffer zone of 5 km [29-31]
10-15km 7
> 15 km 4
_ 0-1km 0
2 Villages (km) Buffer zone of 1 km [31, 32]
>1km 10
0-3m 4
3-10m 6
10-30m 7
3 Groundwater Depth (m) >30 m [33]; > 15 m [34]; 10 m [35]
30-50m 8
50-75m 9
75-104 m 10
. 0-1km 0
4 Rivers (km) Buffer zone of 1 km [32, 36, 37]
>1km 10
0-0.5km 0
05-1km 7
5 Main Roads (km) 1-2km 10 Buffer zone of 1 km [38, 39]
2—-3km 5
>3 km 3
0-100m 0
100 - 500 m 5
6 Secondary Roads (m) Buffer zone of 100 m [40, 41]
500 — 1000 m 7
> 1000 m 10
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7-91m 9
91-182m 10 An essential aspect in waste disposal is the sea level of the area. Locations
7 Elevation (a.m.s.l) 182273 m 7 that are much higher apove sea level and incur high transportation costs are
usually deemed unsuitable. Conversely, areas close to sea level are more
273-364m 5 vulnerable to water contamination and flooding risks [33, 40]
364 —455m 4
0°-5° 10 o
8 Slope (degree) 50 6 The best slope of landfilling is 0-5° [30, 41, 42]
>
SH (34) 3 Brown soil, medium and shallow phase over gypsum
SW (35) 4 Brown soil, deep phase
S1 1 Gypsiferous Gravel Soils
S4 5 River Levee Soils
S5 7 River Basin Soils, Silted Phase
S6 9 Basin Depression Soils
S7 10 Periodically Flooded Soils
9 Soil Types S8 9 Haur Soils
S9 6 Silted Haur and Marsh Soils
S11 4 Active Dune Land
S17 2 Mixed Gypsiferous and Desert Land
S18 3 Sand Dune Land
S20 6 Stony desert land
S21 3 Saline lake bottom land
S5 8 River Basin Soils in the Poorly Drained Phase
0-5 0
10 Airport (km) 5-10 5 Buffer zone of 5 km [32];3 km [40, 43]
>10 10
Water bodies 0
Build up areas 0 . .
11 Land-Use (LU) . . Land-use (LU) items were adopted according to [39, 44, 45]
Agriculture & Fertile 0
Unused lands 10
0-1km 0
12 Archaeological sites (km) 1-3km 5 Buffer zone of 1 km [32, 36, 42]
>3 km 10
) ) 0-5km 0
13 Refinery fields (km) Buffer zone of 5 km [32, 41, 44]
>5km 10
0-30m 0
14 Powerlines (m) Buffer zone of 30 m [37, 41]
>30m 10
0-0.5km 0
15 Railways (km) Buffer zone of 500 m [9, 41, 46]
>0.5km 10
2.19-2.42 5 In Al-Najaf City
In Babylon City
16 Wind speed (m/s) & 193-219 6 In Al-Qadisiya City
direction 1.64-1.93 7 In Karbala City
Sites should be located away from residential areas, taking into account the
<1.64 m/s 8

prevailing wind direction [36]

The maps of sixteen GIS layers are as follows. "Urban Area" in which buffer zone was divided into four categories, as illustrated
in Fig. 4a, ranging from 0 - 5 km, 5- 10 km, 10 - 15 km, and over 15 km. These categories were scored as 0, 10, 7, and 4, respectively.
The buffer zones in the "Villages" layer, extending from each village to the landfill site, have been categorized into two classes: 0-
1 km and over 1 km. These categories were assigned scores of zero and ten (Fig. 4b). For "Groundwater Depth", potential sites were
assigned rating grades of 4, 6, 7, 8, 9, and 10 based on depths of 0 - 3 m, 3-10m, 10 - 30 m, 30 - 50 m, 50 - 75 m, and more than
75 m, respectively (Fig. 4c). The "River" grading criteria assigns a zero score to the buffer zone within 0-1000 m from the river
boundary, and a score of 10 for zones beyond 1000 m, indicating surface water protection from contamination (Fig. 4d). The buffer
zones of the "Main Road" layer, which extend from roads to landfill sites, are categorized into five distinct ranges, as shown in Fig.
4e. The ranges are 0 - 500 m, 500 - 1000 m, 1000 - 2000 m, 2000 - 3000 m, and over 3000 m, with respective scores of 0, 7, 10, 5,
and 3. The buffer zones of the "Secondary Road" layer, which extend from roads to landfill sites, are divided into four categories,
as shown in Fig. 4f. The zones are categorized as 0 - 100 m, 100 - 500 m, 500 - 1000 m, and over 1000 m, with scores of 0, 5, 7,
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and 10 assigned accordingly. The Elevation map (Fig. 4g) contains mean sea level (a.m.s.l.) related calculations. The elevation
values were 9, 10, 7, 5, and 4, classified into five categories (a.m.s.l.) of 7-91, 91-182, 182-237, 237-364, and 364-455, respectively.
Elevations from 91 to 182 (a.m.s.l.) were considered the most suitable elevation for landfill siting, whereas those between 7 and 91
(a.m.s.l.) were considered only appropriate. To prepare the "Slope" layer map, areas with slopes of 0-5 degrees were assigned a
score of 10, while those with slopes of 5-15 degrees received a score of 6 (Fig. 4h). The soil in the Middle Euphrates is composed
of alluvial deposits, which are detrital materials. These deposits extend over the entire region to a depth of more than 50 meters,
with no bedrock exposed [47]. Furthermore, the soil shows no evidence of cracks or faults. Therefore, the Middle Euphrates area is
not classified as a seismic hazard zone [48]. According to Buringh [28], the 'Soil Types' layer in the study area includes fifteen
different types (Fig. 4i). These include Brown soil with medium and shallow phases over gypsum; Brown soil with deep phases;
Gypsiferous Gravel Soils; River Levee Soils; River Basin Soils with Silted Phases; Basin Depression Soils; Periodically Flooded
Soils; Haur Soils; Silted Haur and Marsh Soils; Active Dune Land; Mixed Gypsiferous and Desert Land; Sand Dune Land; Stony
Desert Land; Saline Lake Bottom Land; and River Basin Soils with Poorly Drained Phase. Each has been assigned scores of 3, 4,
1,5,7,9,10,9, 6, 4, 2, 3, 6, 3, and 8 based on their features. The buffer zone for the ““Airport”” layer was divided into three
categories (Fig. 4j). The first category, covering buffer zones of fewer than 5 km around the airport, is prohibited and assigned a
value of zero. The second category includes buffer zones of 5-10 km, which received a value of 5. The peak rate of 10 was given to
buffer > 10 km.

The "Land Use Classification" (LUC) map of the study area was divided into four categories, shown in Fig. 4k: agriculture and
fertile land, water bodies, unused lands, and built-up areas. Each category was assigned a score of 0, except for Unused Land, which
received a score of 10. The buffer zone for the “Archaeological Sites’” layer was categorized into three classes, as depicted in Fig.
41. Areas within 1 km of archaeological sites were excluded and given a zero value. Buffer zones between 1 and 3 km received a
value of 5, and those exceeding 3 km were assigned the maximum value of 10. The buffer zone of the "Refinery fields" map layer
was categorized into two classes, as shown in Fig. 4m. The first category covers buffer zones of 0 - 5 km around oil and gas sites
with a zero score, indicating it is banned. The second category, which includes buffer zones > 5 km, received a score of 10. The
buffer zones of the "Powerlines™ layer, which include areas from powerlines to landfill sites, were categorized into two classes (0 -
30 m and over 30 m) as shown in Fig. 4n. These classes were assigned scores of 0 and 10. The buffer zones in the "Railways" layer,
which include areas from railways to landfill sites, are divided into two classes (Fig. 40). These classes are 0-0.5 km and over 0.5
km, assigned scores of 0 and 10. For the "Wind Speed" layer map, wind speeds were categorized into four classes: 2.19-2.42 m/s,
1.93-2.19 m/s, 1.64-1.93 m/s, and below 1.64 m/s. These classes were assigned grades of 5, 6, 7, and 8, respectively (Fig. 4p).

3.4. MCDM weighting

MCDM methods improve decision quality by clarifying, streamlining, and making the decision-making process more rational.
Think of multi-criteria decision making (MCDM) as a core component of modern decision science and operational research. It deals
with many decision criteria and options, providing a range of choices that consider different factors [16, 44]. Once the criteria maps
are completed in the GIS, the process of selecting suitable waste burial sites in the study area begins. Two different methods were
employed to assign weights to the criteria, using various styles within the MCDM techniques to assess each criterion's importance.
These approaches are among the most frequently used in MCDM. The use of MCDM methods consists of the pairwise comparison
method (AHP) and the Ranking method (SRS). The following methods were employed to identify the key weights of the criteria.

- Analytical Hierarchy Process (AHP)

This method is considered to facilitate faster decision-making, to analyse data, and assign appropriate weights to the selected
criteria. A key step involves constructing a pairwise comparison matrix to evaluate the relative importance of the selected criteria
with respect to the overall decision goal. This method was used across all provinces in the Middle Euphrates region to select
appropriate landfills, showing its strong theoretical basis. It employs a nine-point scale, frequently utilized in analytic hierarchy
processes, which indicates the relative importance of two factors at each point (see Table 2). This allows decision-makers to evaluate
the contribution of each factor for achieving the goal through pairwise comparisons, thereby streamlining the decision procedure
[49].

Table 2. The relative importance in pairwise comparisons [50].

Importance Intensity Definition

1 Equal importance
Equal to moderately important
Moderate importance
Moderate to strong importance
Strong importance
Strong to very strong importance
Very strong importance

Very to extremely strong importance

© 00 N oo 0o b~ W N

Extreme importance
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Fig. 4. Classified maps of the study area for (a) urban area, (b) villages, (c) GW depth, (d) rivers, (¢) main road, (f) secondary road,
(g) elevation, (h) slope, (i) soil types, (j) airport, (k) land use land cover (LULC), (I) archaeological sites, (m) Refinery fields, (n)
powerlines, (o) railways, (p) wind speed.

In this study, the pairwise comparison matrix was constructed to compare the relative importance of the selected criteria, resulting
in an nxn matrix, where n represents the total number of criteria (n = 16). Uyan [32] indicated that the elements of the pairwise
comparison matrix are denoted by a_ij, where i =1, 2, ...,nand j =1, 2, ..., n. The comparison values are placed in the upper
triangular part of the matrix, while the reciprocal values are used to fill the corresponding entries below the diagonal, as expressed
in Eq. 1:
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aj; = a (1)

where a;; is the element of the matrix representing the relative importance of the criterion i over criterion j.
The significance of the criteria from the standard comparison matrix can be illustrated in a matrix for decision-making on any
problem using the method outlined below. This process involves multiplying each row of the original pairwise comparison matrix

by the value of each criterion in the corresponding column for that row, applying the same multiplication across all rows. It is
expressed using Eq. 2:

Egi = YJa;1 X a;p X ay3 X .. X ay )

where n is the number of criteria and E g; represents the geometric mean of the pairwise comparison values for the criterion i. To
obtain the priority vector (Pr;), the geometric mean values are normalized by dividing each component by the sum of all geometric
mean values, as shown in Eq. 3:

_ B @)

T E
k=1"gk

The maximum eigenvalue (4,,,,) Was estimated based on the weighted sum of the pairwise comparison matrix and the derived
priority vector, following the standard AHP procedure described in the literature.

PT'L' =

n m
/1max = Z WC] * aij (4)
j=1 i=1
where, WC; means the weighting value for each criterion, corresponding to the priority vector of the matrix. Here, i and j range from

1to mand n, respectively. Additionally, a;; indicates the sum of the criteria for each column of the matrix. The A,,,, value in this
study is 16.66. Lastly, Eq. 5 is employed to calculate the consistency index (ClI):

(lmax n) (5)
(n—1)

This study shows that the CI is 0.0446, which indicates the variability of the estimated mistake around the actual value. As per
Sélnes [51], n indicates the size of the matrix for the comparison components, while CI denotes the mean deviation. Alonso and
Lamata [52] provided the average random index (RI) for matrices of various sizes in Table 3. Since this study involves 16 criteria,
the RI value for n = 16 is 1.5978.

In this study, the consistency ratio (CR), which was 0.0279, is determined by dividing the consistency index (CI) by the random
index (RI), as illustrated in Eq. 6.

CI
CR=— 6
R0 (6)
According to Coyle [53], a CR of zero indicates perfect consistency in any matrix, while Setiawan et al. [54] state that a CR
above 0.1 suggests the need to reconsider or reverse the pairwise comparisons. In this study, sixteen criteria were used to create the
pairwise comparison matrices. The calculated CR was 0.0279, which is well below 0.1, indicating a reasonable level of consistency
in the current pairwise comparisons. Additionally, the RI value for n = 16 was estimated at 1.5978 for all matrices.

Cl =

Table 3. RI for different values of n [52].
n 3 4 5 6 7 8 9 10 11 12 13 14 15 16
RI 0 0 0.58 0.9 112 1.24 1.32 141 1.45 1.49 151 1.48 1.56 157 1.59 1.59

=
N

Table 4 shows the priority vector and weight values for each criterion involved in the decision-making process. The study
assessed the significance of each criterion compared to others, based on input from experienced field experts. Each criterion received
a weight reflecting its importance. These weights were then used to build the AHP matrix, which allowed for calculating the precise
weight of each criterion.

Table 4. The matrix of random pairwise comparisons used to estimate landfill site criterion weights.

g 5 g g - 5 5 ¢ B 5 § %

Criteria x = (% 2 o ¢ e 2 3 ey = g £ r?_’ % é
s = o I S & 3

UR 1 2 2 3 4 4 5 5 5 6 6 7 7 8 8 9

Villages 0.50 1 1 2 3 3 4 4 4 5 5 6 6 7 7 8

GW 0.50 1.0 1 2 3 3 4 4 4 5 5 6 6 7 7 8

River 0.33 0.50 0.50 1 2 2 3 3 3 4 4 5 5 6 6 7

M-Road 0.25 0.33 0.33 0.5 1 1 2 2 2 3 3 4 4 5 5 6
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S-Road 0.25 0.33 0.33 0.5 1 1 2 2 2 3 3 4 4 5 5 6
Top. 0.20 0.25 0.25 0.33 0.5 0.5 1 1 1 2 2 3 3 4 4 5
Slope 0.20 0.25 0.25 0.33 0.5 0.5 1 1 1 2 2 3 3 4 4 5
Soil 0.20 0.25 0.25 0.333 0.5 0.5 1 1 1 2 2 3 3 4 4 5
Airport 0.17 0.20 0.20 0.25 0.333 0.33 0.5 0.5 0.5 1 1 2 2 3 3 4
Land use 0.167 0.200 0.20 0.25 0.333 0.333 0.5 0.50 0.5 1 1 2 2 3 3 4
Arch. 0.143 0.167 0.167 0.20 0.25 0.25 0.33 0.33 0.33 0.5 0.5 1 1 2 2 3
Refineryfield 0.143 0.167 0.167 0.20 0.25 0.25 033 0333 033 0.5 0.5 1 1 2 2 3
Power 0.125 0.143 0.143 0.17 0.20 0.20 0.25 0.25 0.25 0.33 0.33 0.5 0.5 1 1 2
Railways 0.125 0.143 0.143 0.17 0.20 0.200 0.25 0.25 025 0333 033 0.5 0.5 1 1 2
Wind 0.111 0.125 0.125 0.14 0.167 0.167  0.20 0.2 0.2 0.25 025 033 033 05 05 1

To determine the weights of criteria using the AHP, a structured questionnaire was employed. The questionnaire was distributed
to 31 experts with professional backgrounds in environmental engineering, urban planning, and municipal solid waste management,
as shown in Table 5. The respondents were selected based on their academic qualifications and practical experience in waste
management and environmental planning. Individual pairwise comparison matrices were collected and aggregated using the
geometric mean method to derive the final comparison matrix. The reliability of the collected judgments was evaluated for each
using the consistency index (CI) and consistency ratio (CR), which confirmed an acceptable level of consistency.

Table 5. Expert profile and questionnaire summary used for AHP weighting.

Item Description
Number of questionnaires distributed 31
Expert background Environmental engineering, urban planning, GIS, and solid waste management
Professional experience More than 5 years
Affiliation Universities, municipalities, environmental and planning agencies
Questionnaire type Structured AHP pairwise comparison questionnaire
Judgment aggregation method Geometric mean
Reliability assessment Consistency Index (CI) and Consistency Ratio (CR < 0.1)

The criteria weighting process was designed to ensure transparency and reproducibility by combining expert judgment with
established guidance from the literature and relevant environmental planning considerations. Literature and regulatory guidelines
were also used to define exclusion constraints and inform the relative importance of criteria, while the final weighting values
primarily reflect the collective expert assessment of regional environmental and planning priorities. The assignment of weights to
the criteria was based on the primary goal of minimizing environmental and public health risks while ensuring practical feasibility
at the regional planning level. Criteria that are directly related to environmental protection and human exposure, such as distance
from urban centers, groundwater depth, and proximity to surface water bodies, were given higher weights because they play a crucial
role in preventing contamination and health impacts. In contrast, criteria associated with technical accessibility and infrastructure,
including roads, power lines, and railways, received lower weights since these factors can be addressed through engineering
solutions during the design and operation of landfills. The final weights represent a balanced integration of expert judgment,
established landfill siting guidelines found in the literature, and regional planning considerations specific to the Middle Euphrates
area.

- Straight Rank Sum (SRS) Technique

This technique is among several ranking methods utilized in multi-criteria decision-making analyses. Based on literature and
expert judgment, it offers a straightforward approach for assigning weights to criteria by ranking them from most to least important
using the expression n —r; + 1. To standardize these weights, each criterion weight is divided by the total sum of all ranking
values, which is obtained by summing (n — r; + 1) as shown in Eq. 7 [30, 44]:

W = n—-nr +1 ;

X+ 1) (7)

In Eq. 7, W; is the normalized weight of the ith criterion, n is the total number of criteria (n = 16), and r; is its assigned rank
(r; = 1 for the most important and r; = n for the least important). The summation term normalizes the weights so that Y Wi = 1,
and the resulting SRS weights are reported in Table 6.

Table 6. The weights assigned to criteria in the SRS method and their normalized values.

No. Criterion Criteriaweights(m —r; + 1) Normalized weights (W)
1 Urban centres 16 0.1176
2 Villages 15 0.1103
3 Groundwater depth 14 0.1029
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4 Rivers 13 0.0956
5 Main Roads 12 0.0882
6 Secondary Roads 11 0.0809
7 Elevation 10 0.0736
8 Slope 9 0.0662
9 Soil types 8 0.0588
10 Airport 7 0.0515
11 Land use 6 0.044
12 Archaeological sites 5 0.0368
13 Refinery fields 4 0.0294
14 Power lines 3 0.0221
15 Railways 2 0.0147
16 Wind 1 0.0074

The Weighted Linear Combination (WLC) method then calculated the appropriateness index for potential locations using the
following formula:
n
Yi=) WX (8)
j=1
where n represents the total number of criteria, Y; is the suitability index, IW; indicates the criterion’s relative importance weight, and
C;; is the grading value for criterion i [55].

Using the GIS “Map Algebra” tool, the WLC method was applied to generate the suitability index map. The standardized raster
layers of each criterion were multiplied by their corresponding weights and subsequently summed to produce the final suitability
index.

4. Results and discussion

The suitability index is developed using criterion weights derived from the Analytical Hierarchy Process (AHP) or the Straight
Rank Sum (SRS) method, and by integrating both approaches within the GIS environment. These methods were used to quantify
the relative importance of siting criteria, where AHP was based on expert judgment through pairwise comparisons, while SRS
applied a direct rank-based weighting scheme. The weighted linear combination of the criteria was then used to produce a spatially
continuous acceptability index, which was subsequently classified to identify suitable landfill sites. Table 7 presents the criterion
weights obtained using both AHP and SRS methods. Some criteria were assigned higher weights under the AHP approach compared
to the SRS method. The differences observed between the suitability results derived from the AHP and SRS methodologies reflect
their distinct theoretical foundations and implications for regional planning. The AHP method relies on expert judgment and pairwise
comparisons, which tend to emphasize environmentally sensitive criteria such as proximity to urban areas, groundwater depth, and
surface water protection. Consequently, the AHP-based suitability map presents a more conservative spatial pattern, with a smaller
proportion of areas classified as “most suitable”. In contrast, the SRS method adopts a linear rank-based weighting scheme that
distributes importance more evenly across the selected criteria, resulting in a broader spatial extent of areas classified as high and
most suitable. The comparison between these two approaches highlights the complementary strengths of each method and supports
the use of both AHP and SRS in parallel. This combined application enhances the robustness of the decision-making process and
provides a more balanced framework for regional landfill planning.

A numerical comparison of the derived weights further explains the observed differences between the AHP- and SRS-based
suitability maps. For instance, environmentally sensitive criteria such as distance from urban centers and groundwater depth received
noticeably higher weights under the AHP method (0.1929 and 0.143, respectively) compared to the SRS method (0.1176 and
0.1029), reflecting the stronger influence of expert judgment in emphasizing environmental protection. Conversely, criteria related
to accessibility and physical characteristics, such as elevation and slope, exhibited relatively higher weights under the SRS approach
due to its rank-based structure, which distributes importance more evenly across criteria. These numerical differences directly
contributed to the more conservative spatial extent of high and most suitable areas in the AHP results, and the broader distribution
observed in the SRS-based suitability map, as reflected in Table 8.

Table 7. Weight of criteria according to multi-criteria decision-making techniques (SRS and AHP).

No. Criteria AHP SRS No. Criteria AHP SRS
1 Urban centres 0.1929 0.1176 9 Soil types 0.0463 0.0588
2 Villages 0.143 0.1103 10 Airport 0.0303 0.0515
3 GW depth 0.143 0.1029 11 Land use 0.0303 0.044
4 Rivers 0.102 0.0956 12 Archaeological sites 0.0203 0.0368
5 Main Roads 0.0704 0.0882 13 Refinery fields 0.0203 0.0294
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6 Secondary Roads 0.0704 0.0809 14 Power lines 0.014 0.0221
7 Elevation 0.0463 0.0736 15 Railways 0.014 0.0147
8 Slope 0.0463 0.0662 16 Wind 0.0102 0.0074

The final suitability GIS map is obtained through a weighted overlay process, where each spatial criterion is standardized,
weighted, and mathematically combined. This approach enables the integration of heterogeneous spatial datasets while preserving
the relative importance of each criterion as determined by the decision-making framework. To facilitate interpretation and decision-
making, the continuous suitability index was divided into seven categories. The classification was performed using the natural
breaks (Jenks) method to ensure a data-driven separation of suitability classes. Each suitability class encompassed specific spatial
extents, quantified as a percentage of the total study region. The classes include unsuitable areas, very low suitability, low suitability,
marginally suitable, moderately suitable, high suitability, and most suitable. Fig. 5a and 5b display the suitability maps produced by
the AHP and SRS methods, accompanied by Table 8. The lower suitability classes are primarily associated with areas constrained
by environmental sensitivity and unfavorable physical conditions, such as proximity to surface water bodies or urban or rural zones.
In contrast, areas classified as high and most suitable are generally associated with locations exhibiting favorable combinations of
environmental protection, technical feasibility, and accessibility, indicating their higher potential for landfill development under the
applied criteria.
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Fig. 5. Suitability final maps for landfill in the Middle Euphrates Region using (a) AHP, (b) SRS.

To enhance the reliability of the generated suitability maps, the distribution of unsuitable and low-suitability areas was
qualitatively compared with established environmental and planning constraints, such as rivers, urban settlements, agricultural lands,
and shallow groundwater zones. Additionally, the identified high- and most suitable areas were reviewed by domain experts to
ensure their practical feasibility within the context of regional planning.

Table 8. The areas and their proportion of landfill maps classes in GIS, using AHP and SRS methods.

No. Class AHP method SRS method
Area (km?) Proportion (%) Area (km?) Proportion (%)
1 Unsuitable areas 80.91 0.18 10.33 0.02
2 Very Low Suitability 808.15 1.70 347.03 0.79
3 Low Suitability 2130.08 4.50 1527.14 3.22
4 Marginally Suitable 2771.93 5.84 2490.23 5.25
5 Moderately Suitable 13550.89 28.57 7122.65 15.02
6 High Suitable 26750.09 56.40 32902.98 69.38
7 Most Suitable 1334.58 2.81 2999.27 6.32

The area of each suitability class was calculated directly within the GIS environment based on raster cell counting. Following
the weighted overlay process, the final suitability maps were reclassified into seven classes, and the number of raster cells belonging
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to each class was extracted. The area corresponding to each class was then computed by multiplying the number of cells by the area
of a single raster cell. For example, if a suitability class contains N raster cells and each cell represents an area of A kmz, the total
area of that class is calculated as Area = N x A. The same procedure was consistently applied to both AHP- and SRS-based suitability
maps, and the resulting areas and proportions are summarized in Table 8. The suitability index was also classified into seven
categories to provide sufficient differentiation between unsuitable, marginal, and highly suitable areas while maintaining
interpretability for regional planning purposes. This classification scheme is consistent with commonly adopted practices in GIS—
MCDM landfill siting studies, allowing decision-makers to clearly distinguish between restricted zones and priority areas for
potential development. The class thresholds were derived from the natural breaks in the continuous suitability index values generated
by the weighted overlay process, ensuring a data-driven rather than arbitrary classification. The same classification framework was
applied to both AHP- and SRS-based suitability maps to enable consistent comparison, and the spatial extent and proportion of each
class are reported in Table 8. Model validation was conducted by two main methods: (i) ensuring that the 'most suitable’ outputs do
not overlap with exclusion zones, such as urban buffers, surface water buffers, and protected or archaeological areas, and (ii) having
experts review the proposed candidate sites to confirm their practical feasibility at the regional planning scale.

In the Middle Euphrates region, the projected population for 2040 includes 4,012,025 residents in Babylon, 2,640,548 in Al-
Najaf, 2,106,439 in Karbala, and 2,123,903 in Al-Qadisyiah. The anticipated solid waste production in these provinces by that year
is calculated about 464,788 tons in Babylon, 290,061 tons in Al-Najaf, 243,583 tons in Karbala, and 224,570 tons in Al-Qadisyiah.
Additionally, the total solid waste from 2024 to 2040 is projected to be 6,075,446 tons in Babylon, 3,854,826 tons in Al-Najaf,
3,292,411 tons in Karbala, and 2,935,457 tons in Al-Qadisyiah, based on calculations by Chabuk [19]. The solid waste density at
disposal sites in the Middle Euphrates region is assumed to be 700 kg/m3, consistent with recent studies [19, 56, 57]. The total waste
volume was therefore estimated as 8,679,209 m? for Babylon, 5,506,894 m3 for Al-Najaf, 4,703,444 m3 for Karbala, and 4,193,510
m3 for Al-Qadisyiah, respectively. The volumes are obtained by dividing the cumulative solid waste quantity by the waste density.

According to Chabuk [19], the groundwater depth from the surface in the Middle Euphrates region is shallow. As a result, an
average groundwater depth of 2 meters has been adopted for the candidate sites identified in the study. Based on this condition, the
necessary area to hold the total produced waste from 2024 to 2040 in the study provinces is calculated as 4.34 km? for Babylon,
2.75 kmz2 for Al-Najaf, 2.35 km? for Karbala, and 2.1 km2 for Al-Qadisyiah. It should be noted that the assumed waste density and
groundwater depth values represent average regional conditions. Therefore, detailed site-specific geotechnical and hydrogeological
investigations are required prior to final landfill design and implementation. Based on these considerations, eight candidate landfill
sites were proposed for the region, with two sites selected within each province to ensure balanced regional coverage. The selection
was based on a combination of high and most suitable classes derived from both AHP and SRS methods, minimum area requirements
calculated from projected waste volumes, accessibility considerations, and overall planning feasibility. The proposed sites span
areas of 6.1 and 7.4 kmz2 in Babylon, 7.2 and 6.0 km? in Qadisyiah, 7.3 and 6.8 km? in Al-Najaf, and 5.6 and 5.0 km? in Karbala, as
illustrated in Fig. 6.
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Fig. 6. Candidate landfill sites within the high and most suitable classes using MCDM methods.

Table 9 presents the spatial extent of the identified candidate landfill sites alongside the land area available there to accommodate
the total volume of waste generated in the Middle Euphrates provinces over the period of 2024—-2040. It should be noted that the
calculated landfill area is based on waste volume and assumed landfill geometry, and therefore represents a minimum theoretical
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requirement. In practice, the total land area needed for landfill is substantially larger due to the inclusion of other infrastructure and
operational facilities. These usually include internal and access roads, parking areas, security zones, administrative buildings,
leachate management systems, vehicle washing facilities, and areas reserved for future expansion and environmental protection
measures. Consequently, candidate sites with areas only marginally exceeding the calculated disposal requirement may not be
sufficient to support long-term landfill operation. However, the sites offering significantly larger areas provide greater operational
flexibility, allow for phased development, and improve compliance with environmental and safety regulations. This consideration
is particularly important for regional landfill planning, where facilities are expected to serve multiple cities in a large region and
accommodate fluctuations in waste generation rates over time. Finally, detailed site-specific investigations, including geotechnical
surveys and infrastructure planning, are required to confirm whether the identified candidate sites can realistically meet the waste
management needs of the region and the candidate sites have favorable land ownership conditions.

Table 9. Suggested locations and required areas for landfill sites in the study area for the period of 2024 to 2040.

Province Area km? Site symbol Required area km?

6.1 Site B1

Babylon ] 434
7.4 Site B2
6.0 Site Q3

Al-Qadisyiah . 2.10
7.2 Site Q4
7.3 Site N5

Al-Najaf . 2.75
6.8 Site N6
5.6 Site K7

Karbala 2.35
5.0 Site K8

Several studies have investigated before landfill siting in different regions of Iraq using G1S-based multi-criteria decision-making
(MCDM) approaches. Similar to previous studies the present study employs GIS-based spatial analysis and MCDM techniques to
evaluate landfill suitability by considering key environmental and planning constraints relevant under Iragi conditions. However,
this study differs from previous studies by emphasizing on future-oriented planning instead of current conditions and investigating
four provinces of Middle Euphrates Region besides integration of regulatory and regional constraints. Former studies focused on a
single governorate, usually <3000 km2, often only one administrative unit. For instance, Chabuk et al. [58] evaluated fifteen criteria
layers and located ten sites for different district of Babylon Governorate. They looked for small and local landfills for individual
districts, while this study adopts a strategic regional landfill siting approach, identifying two large-capacity landfill sites designed
to meet the long-term waste management needs up to 2040. Ishaq et al. [59] and Salman and Hamdan [60] each expored landfill
siting within limited local areas i.e. Tal Afar and Al-Zubair districts, respectively. Ishaq et al. [59] only coniser six key factors while
Salman and Hamdan [60] evaluated nine criteria and suggested one suitable site within the study area considering long-term
capacity. Al-Alanbari and Ensaif [61] considered 19 criteria layers including socioeconomic, accessibility, infrastructure,
morphology, and hydrology criteria along the Karbala governorate and found ten suitable candidate landfill sites in the local scale.

Irag lacks unified national regulations specifically governing landfill siting, while the accessibility of reliable spatial and
environmental data is limited. As a result, researchers have independently selected decision criteria based on data availability and
perceived importance, with the number of criteria varying widely, typically ranging from 6 to 19. Moreover, most existing studies
are confined to individual cities or single governorates and are primarily based on current conditions, without incorporating future
waste generation or long-term planning considerations. In this context, the present study addresses a critical gap by overcoming data
scarcity through data integration and by extending the analysis to a larger regional scale, encompassing four governorates within
Iraq’s Middle Euphrates Region. By adopting a regional and future-oriented G1S-based MCDM framework, this study represents
one of the first efforts to support long-term landfill siting and waste management planning beyond localized case studies in Irag.

5. Conclusion

Waste disposal facilities in Irag's Middle Euphrates region aren't meeting environmental and engineering standards. Switching
from open dumping to sanitary landfill is considered a crucial first step toward sustainable waste management in Irag. This transition
helps to reduce environmental pollution by controlling leachate and gas emissions, improving public health, and enabling better
waste management practices in the region with minimal funding and maximum efficiency. This study aimed to demonstrate the
effectiveness of integrating Geographic Information Systems (GIS) with multi-criteria decision making (MCDM) techniques for
addressing the complex challenge of municipal solid waste landfill site selection on a larger scale in Irag's Middle Euphrates region.
Efforts are made to plan for future waste management scenarios that accommodate population growth, tourism-related waste
production, and evolving waste generation patterns. Also, work is carried out to follow suitable selection procedures while reducing
environmental concerns and considering local social problems. To develop a decision-making process, sixteen layers of criteria
were added to GIS. The layers, in order of significance, included urban area, villages, groundwater depth, rivers, main highways,
secondary roads, elevation, slope, soil types, airports, land use, archaeological sites, power lines, railroads, and wind. For
determining the criteria weightings, MCDM utilized the AHP and SRS methods. The weighted linear combination (WLC) process
was then applied to create final maps of suitable landfill sites in the Middle Euphrates region by multiplying each criterion weight
by its corresponding sub-criterion weights. The results highlight that a substantial proportion of the study area is restricted due to
environmental sensitivity and regulatory limitations, underscoring the necessity of science-based planning approaches in waste
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management. Eight landfilling sites were identified in the study provinces, with two sites allocated to each province. Based on the
final maps generated by the AHP and SRS methods, these sites were chosen within areas classified as highly suitable and most
suitable. The area of the selected sites is sufficient to handle all the waste produced from 2024 to 2040 in the Middle Euphrates
provinces, when compared to the required area for each province. The main novelty of this study lies in the integrated application
of GIS with two distinct weighting approaches (AHP and SRS) at a national planning scale, enabling a transparent comparison
between expert-based and rank-based decision-making frameworks. Overall, this research demonstrates that GIS-MCDM
frameworks are well suited for supporting sustainable waste management strategies in Irag. By linking spatial suitability analysis
with future waste generation projections and site capacity assessment, the study provides planning-oriented outputs that go beyond
conventional landfill siting maps and offer practical decision support for solid waste management in Irag. Future studies should
focus on integrating higher-resolution spatial data, sensitivity and uncertainty analyses, and dynamic urban growth scenarios into a
nation wide strategic planning. Expanding this approach to other regions of Iraq would contribute to the development of a unified,
science-based national strategy for sanitary landfill planning and environmental protection.
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underscores important behavior variables: time headway, reaction time, braking behavior,
and lane-changing behavior with disparate research approaches in driving simulators,
naturalistic driving data, and simulation models. Empirical evidence is provided that
driver distraction, hostile driving, and high-tech automated systems greatly affect car-
following behavior and traffic safety. Additionally, the need for adaptable models is
illustrated through the variations across regions and societies, influencing both parameter
tuning and the cross-context applicability of car-following models. Sample size variation
among studies provides evidence of the importance of combining detailed individual-
level data with broader system-level analysis. The review identifies gaps in geographical
range, particularly in low- and middle-income countries, and calls for further studies
combining naturalistic driving data and customized behavioral models to promote the
safety and efficacy of car-following systems worldwide.

1. Introduction

The mobility interaction of a following vehicle in relation to the vehicle directly ahead of it is referred to as car-following
behavior [1]. The constant movement within car-following behavior occurs when a driver adjusts their speed, acceleration, or
headway based on their reading of the movement of the lead vehicle [2]. Car-following behavior contributes to traffic safety, traffic
operations, energy consumption, and overall driving comfort [3]. Safe and consistent time headway is required to prevent rear-end
crashes and minimize fuel consumption and emissions [4-6]. Driver attention, perception-reaction time, risk perception, and
aggression [7].

In this case, car-following behavior is essential for conducting microscopic traffic modeling based on real driver behavior, and
the technology aspect of conducting e-safety work is crucial for Advanced Driver-Assistance Systems (ADAS) and Connected
Autonomous Vehicles (CAVs) [8, 9]. The driver's individual characteristics (e.g., age, identification as male, driving experience,
risk tolerance, cognitive capability) are crucial in understanding how a driver follows another vehicle [10-14].

The robustness of modeling and predicting car-following behavior will also be impacted by environmental factors (such as road
geometry, weather, and traffic density) and vehicle characteristics (such as vehicle size, acceleration, braking systems, and visibility)
[15, 16]. Emerging Advanced ADAS and CAVs will introduce new behavioral characteristics (such as following distance, reaction
times, and trust in automation) that will alter the driver's expectations and develop new levels of anxiety and uncertainty when
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following a vehicle [17-19]. While driving simulators and controlled experimental conditions offer repeatable, safe environments
to study car-following behavior, they do not include many facets of naturalistic driving behavior, leading to the need for context-
relevant, multi-faceted approaches to study car-following behavior in various settings and under various conditions [20-25].

The landscape of car-following behavior has changed due to the advent of advanced intelligent transportation technologies like
ADAS, CAVs, and Cooperative Adaptive Cruise Control (CACC) [26-28]. Although these technologies increase safety, reduce
driver burden while driving, and improve travel efficiency [29], drivers may have varying degrees of trust, flexibility, and situational
awareness when interacting with automation and other connected devices/systems [30, 31].

Numerous methods have been used in empirical research to investigate car-following behavior [3, 32]. For instance, McNabb et
al. compared how drivers behaved in a "follow-a-friend" scenario with a typical following scenario using a driving simulator [33].
Using the technique of investigating distraction in a platoon, Xu and Lin investigated the impact of distraction propagation. In their
experimental study, they discovered that all subsequent drivers may experience a change in gap and a delayed reaction time if the
lead driver is distracted [34]. When Goncu et al. used a SUMO simulation to examine car-following behavior in Germany and
Turkey, they discovered differences that matched the local traffic culture norms [35].

At present, there are chances to streamline and improve the generalizability of the literature through the construction of a
systematic outline that organizes and integrates the outcomes against each of the determinants of the driver’s characteristics,
scenario, technology use, and cultural background. By organizing, connecting, and comparing studies, we aim to build on this
knowledge of car-following behaviors across different contexts and uncover wider behavioral patterns or trends moving forward
[36]. Moreover, we aim to provide guidance on the development of future and more inclusive models of car-following behavior
[37].

This review categorizes studies based on dimensions, such as driving scenario, type of distraction, and driver characteristics.
This review brings together previous studies and highlights less explored aspects of contextual differences in driving behavior, and
the changes in technology found within vehicles. This study seeks to create a conceptual framework for future research on the topics
of assistance systems, data-driven smart transportation, and modeling techniques that analyze traffic behavior.

Section 2 provides details on the methodology used for the systematic review, including the search strategy and the eligibility
requirements. The main conclusions are presented and discussed in Section 3, including where they occurred, how people behaved,
what caused them to lose concentration and what helped them, and the most significant findings of the research that was examined.
The work is concluded in Section 4, which summarizes the main conclusions, identifies research gaps, and suggests areas for further
study.

2. Methodology

In order to fully understand the existing literature on driver behavior when driving behind other vehicles and its traffic safety
implications, a systematic review of the literature was conducted. The review aimed at locating, critiquing, and synthesizing relevant.

2.1. Search strategy

Relevant articles were retrieved from Scopus, Web of Science, and IEEE Xplore. The search was performed using the following
combination of keywords: (“driver behavior" OR "driving behavior") AND ("following vehicles" OR "car-following" OR
"tailgating") AND ("traffic safety” OR "road safety") AND ("risk assessment™ OR "reaction time").

A detailed scrutiny of 3,870 published articles related to car-following driver behavior, traffic safety, risk, and reaction time was
undertaken with a focus on the period from 2015 to 2025. In accordance with PRISMA guidelines, the screening phase of articles
included multiple steps, such as the elimination of duplicate articles, a preliminary scrutiny of article titles and abstracts, and a
detailed scrutiny of articles that qualified after abstract scrutiny. Additional criteria that were used towards the elimination of articles
included the absence of relevance with respect to car-following driver behavior, inadequate description of methods, inadequate data,
and a lack of synchrony with the review period. After a thorough examination of papers pertinent to the review and meeting its
publishing deadline, ten articles with the greatest level of rigor and relevance were ultimately shortlisted. A PRISMA flowchart
(Fig. 1) graphically depicts the selection of articles as well as the quantity of articles in the scrutiny stage. The final ten papers
underwent a thorough analysis with the goal of identifying the most important conclusions and any gaps in driver behavior during
car following. The detailed exclusion criteria applied at each screening stage are summarized in Table 1, in accordance with the
PRISMA framework.

3. Result and discussion

This systematic review contrasts car-following driver behavior research from various countries, methodologies, and regions [38].
Ten studies were selected, each of which considered various aspects, including time headway, reaction time, lane-changing behavior,
braking behavior, and traffic flow stability [39]. The literature was compared primarily using driving simulators and model-based
simulation, with some using naturalistic driving data or mixed-method designs [40]. External perturbations like driver distraction,
aggressive driving styles, and automated systems were also taken into account. Findings show that such factors can significantly
alter car-following behavior, either introduce safety hazards or modify system performance.
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Non-relevant=3234
No English=46
Excluded dueto aim of studies =62
Other reasons: 48

Full-text articles excluded (100)

Inadequate or inappropriateresults: 63
Duplicated published: 37

Table 1. Eligibility criteria for article selection before PRISMA-based screening.

Number of excluded

Screening stage Exclusion criterion Explanation
records
Duplicate removal Duplicate records 230 Records appearing more th_an once across databases
were removed prior to screening.

. . Not relevant to car-following Studies not directly addressing car-following behavior,
Title & abstract screening behavior 3,234 driver behavior, or related traffic safety aspects.
Title & abstract screening Non-English publications 46 Articles not publlsheq in Er]gllsh were excluded to

ensure consistent interpretation.
Title & abstract screening Outside study objectives 62 Studies focu_smg on unrelated t_rafhc topics without
behavioral or car-following relevance.

. . Editorials, conference abstracts, commentaries, or
Title & abstract screening Other reasons 48 papers lacking sufficient scientific content.

Inadequate or inapbrooriate Full-text articles lacking empirical results or
Full-text eligibility assessment q resultspp P 63 methodological rigor relevant to car-following
behavior.
Full-text eligibility assessment Duplicate publications 37 Studies reporting overlapping or previously published
results were excluded.
Final inclusion Studies included in qualitative 10 Studies meeting all inclusion criteria and selected for

synthesis

in-depth qualitative analysis.

Several studies also mentioned the impact of cultural or traffic system differences on the applicability and calibration of car-
following models [41, 42]. Each study was presented in detail, including the driving scenario, intervention type, behavioral

measures, and key findings (Table 2).

3.1. Geographical distribution and regional focus in car-following behavior research

The studies on car-following behavior reveal global trends and regional variability. The United States (US) contains the largest
number of studies, reflecting a large research infrastructure and an emphasis on the research of connected vehicle technologies.
Germany, Turkey, India, China, Canada, Japan, and Australia are contributing to the research community in car-following behavior
as well, which is important for illustrating real-world behaviors or culturally influenced behavior, and shows the need for cultural

and regional calibration of car-following models.
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Table 2. Studies summary.
Distraction /

No.  Author(s) and year  Country name Sample size Intervention Behavioral variables Key findings
1 McNabb et al., 2017 USA 16 drivers None Speed, Time Headway, Follow-a-friend increases risky
[33] Lane Change behavior
Xu & Lin, 2018 . Reaction Time, Distraction spreads behavioral
2 [34] USA 36 (12 platoons) Cellphone texting Headway risk in a platoon
CF behavior affected by CAV
Zhou et al., 2023 - . Time headway, CF control, congestion, and
3 [43] UsA 72 participants CAV control settings behavior, Lane change demographics; string-stable
CAV preferred
Goncu et al., 2022 Turkey & Traffic flow, Cultural differences affect CF
4 Model-based None -
[35] Germany Throughput modeling
Adavikottu et al., - - - - Tailgating, Reaction Aggressive drivers show higher
5 2023 [44] India 58 drivers Aggression profile Delay tailgating & crash risk
6 Fricke etal., 2015 Germany 40 drivers System intervention Brake/steer reaction Users resist automation unless
[45] briefed in advance
7 Ozkan & Ma, 2021 Canada Not stated CAV interaction Fuel use, Following CAV improves fol'lower fuel use;
[46] pattern varies by driver type
Hatazawa et al LSTM models benefit from
8 2023 [47] " Japan Not stated LSTM modeling Model accuracy (R?) tuning; high personalization
potential
Rahman et al., 2017 l Acceleration, String OVM model offers better
9 [48] USA Model-based CACC system Stability comfort/dynamics than IDM
Australia -
Hussain et al., 2025 (based on - Speed limit + lead Rear-end risk, Female, y_oung,_an_d low-
10 A 61 participants - Headway, experience drivers = higher crash
[49] institutional vehicle Demoaraphics risk
affiliations) grap

However, the presence of regionally-informed studies indicates that behavioral tendencies are not universally consistent and that
transportation systems or driver assistance technology may not apply or translate cleanly from one region to another. The review
encourages a higher proportion of geographically representative studies in the future, especially in low-and-middle income countries
with typical driver behavior and relevant regulatory context that may differ markedly from high-income countries. This is necessary
for developing adaptive and globally relevant car-following models that will contribute to improved safety and system efficiency in
increasingly diverse traffic environments [50].

3.2. Sample size

The studies reviewed for car-following behavior analysis have different sample sizes, which were based on several factors,
including experimental groups, models, and the exact number of participants was often not disclosed. The differences in sample
size reflect the differences in methodology and served a different research purpose. Even though conducting research with a small
sample size permits greater detail in the analysis of individual-level behavior, a smaller sample size will limit generalizing findings
to other populations. Traffic bottlenecks and system-level interventions have been the main focus of model-based and simulation-
based research. They typically don't, however, offer insights into behavioral analysis at the individual level. Larger and more varied
sample sizes are generally better at approximating individual variability in driver attributes (e.g., age, gender, or driving experience)
that are directly linked to risk and car-following behavior. In order to improve future repeatability and support more thorough meta-
analyses, several researchers failed to disclose the sample size in their study. The aforementioned assessment of car-following
behaviors' variations in sample size offers valuable opportunities to investigate both macroscopic traffic system dynamics and
microscopic driver behavior [16, 36, 51]. In order to improve the ecological validity of studies that simulate car-following behavior,
future research should benefit from bigger, more diversified sample sizes as well as sample sizes collected through naturalistic
driving.

3.3. Distraction and intervention factors

Fig. 2 illustrates the effects of different distractions and interventions on driving behavior using the index of Normalized
Behavioral Change Index (NBCI) measures. The index measures the variations in the following distances away from a baseline
standard of a safe following distance. A positive index score represents greater instability and increased variations in distances, and
a negative index score represents stabilizing effects, which improve safe distances. The analysis shows that the main risk factors for
behavior are closely linked to aggressive driving and influence from others, which suggests a significant increase in NBCI, around
+0.6 to +0.8. Cognitive distractions, like texting while driving, lead to a moderate increase in risk, with an NBCI value of about
+0.15. On the other hand, speed control rules and limits from the vehicle in front show a lower but steady risk effect, with an NBCI
of about +0.25. On the other side of how things are being implemented, there are technological tools like Cooperative Adaptive
Cruise Control (CACC), Connected & Autonomous Vehicles (CAV), and the Long Short-Term Memory (LSTM) Control System.
These tools have a negative effect on NBCI, which means they help make driver behavior more stable. The effect ranges from -0.15
to -0.25. This outcome makes it clear how technological tools are capable of effectively decreasing the deviations observed in the
safe following distance.
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Fig. 2. Normalized Behavioral Change Index (NBCI) across different distraction and intervention types in car-following behavior
studies.

3.4. Behavioral variables

Researchers use a variety of behavioral variables in the studies included in this review, such as system-level, driver reaction, and
temporally/spatially defined measures. Time headway, gap distance, gap speed, and other factors are both geographically and
temporally specified. Researchers are interested in how closely and safely drivers follow lead vehicles in car-following experiments
that use these metrics [52]. Reaction time, trajectory adjustment timing, steering inputs, and avoidance behaviors are examples of
driver response metrics. These metrics evaluate a driver's ability to react to traffic's dynamic alterations. The efficiency and safety
of the wider traffic system are also measured by researchers using system-level and modeling metrics, such as flow, throughput,
string stability, and fuel consumption.

The variety of behavioral variables used in the studies in this review highlights the complexity of car-following behavior and
illustrates the need for models studying car-following behavior to move towards a holistic understanding that combines micro-level
human responses to traffic change with macro-level system performance indicators (Fig. 3). Additionally, some studies include
extended variables that can adequately describe events like lane changes, tailgating behavior, and demographic measures of drivers.
These extended variables can help provide additional insight into the heterogeneity present within driver populations and indicate
that more individualized approaches are likely required in the study of traffic behavior.

7

6

Number of Studies
N w ESN (8]

[y
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Temporal/Spatial Extended Driver Response System-Level
Behavioral Variable Category

Fig. 3. Study distribution by behavioral variable category.

3.5. Key findings

Behavioral risk factors, driver variability, technological influence, and modeling implications are the four primary categories
into which each of the previous studies divides the complex structure of car-following behavior (Fig. 4). Additionally, specific
situations described as greater headways are necessary for car-following behaviors; this cluster is known as Behavioral Risk Factors
[53, 54]. Driver demographics also play a role, as seen by the increased risk of rear-end crashes for young, female, and inexperienced
drivers [55]. Automation and technology solutions have conflicting effects. While CACC improves string stability and comfort,
user resistance to automation unless drivers are properly briefed reduces the advantages. These issues are exacerbated by culturally
specialized Al, culturally impacted modeling, and customized prediction models. In order to develop culturally acceptable adaptive
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driver technologies, it is important to address all of these levels. The research highlights that the effectiveness of the assistance
systems is increased when these technologies are tailored to the unique regional features.

7

==

Number of Studies

Temporal/Spatial Extended Driver Response System-Level

Behavioral Variable Category

Fig. 4. Number of reviewed studies by category of key findings.

4. Conclusion

This study examines how people drive when they are following another car. It discusses the various factors that can influence
this behavior, including the road they are driving on and the technology in the vehicle. It also looks at what other people have
discovered about this topic. The following are the main points this study makes about people driving when they are following
another car:

3

Describes how automated driving features, aggressive driving, and attention-related factors affect car-following behavior.

Car-following models and driver assistance systems should be applied appropriately to specific situations; this means that
these models and systems should be tailored for different contexts and should not be universally applied to all traffic
scenarios.

Car-following models and driver assistance systems need to consider the traffic circumstances; they are not good for every
situation; they should be made to fit the context in which they are being used.

Highlights the consequences for safety analysis, traffic simulation research, and the creation of adaptive driver support
systems.

Determines that in order to enhance external validity, further studies with bigger sample sizes and naturalistic driver
observations are required.

Draws attention to the spatial concentration limitations of current studies and suggests broadening the scope of research.

Recommends improving car-following models to include both system-level and individual behavioral components.
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foundation. The model was validated against benchmark experimental and numerical
data reported in previous studies to ensure reliability. The research employed a parametric
analysis approach, varying key soil parameters, including the modulus of elasticity,
internal friction angle, and specific gravity, to assess their effects on bearing capacity and
settlement behavior. The results revealed that soils with higher modulus of elasticity,
greater internal friction angle, and higher specific gravity demonstrated improved load-
bearing performance and reduced settlement. Among these factors, the internal friction
angle exerted the most pronounced impact, leading to substantial improvements in
bearing pressure when the soil was reinforced with geocells. These findings highlight the
importance of optimizing soil strength parameters in the design of geocell-reinforced
foundations and provide a validated numerical framework for predicting their behavior
under diverse loading conditions.

1. Introduction

Geotechnical engineering, a major branch of civil engineering, focuses on developing advanced and sustainable techniques to
improve the strength, stability, and overall performance of soil in construction projects. Since soil forms the primary foundation for
most civil infrastructure, its mechanical properties directly influence structural reliability. However, natural soils often lack
sufficient tensile strength and stiffness to withstand applied loads, particularly when subjected to tensile or shear stresses. This
inherent weakness has encouraged researchers and engineers to develop soil reinforcement strategies aimed at enhancing bearing
capacity and reducing deformation under service conditions. Among the various reinforcement methods, geosynthetic materials
have gained increasing attention for their versatility, cost-effectiveness, and environmental adaptability. Geosynthetics encompass
a broad range of products, including geotextiles, geogrids, geomembranes, and geocells, that interact with soil to enhance its
structural performance. Among these, geocells, also known as cellular confinement systems, have emerged as a superior form of
reinforcement due to their unique three-dimensional honeycomb structure. When filled with soil or aggregate, geocells confine the
infill material laterally, substantially improving load distribution and restricting vertical displacement.

The primary reason for the widespread adoption of geocells lies in their confinement mechanism, which significantly enhances
the composite action between the geocell and the surrounding soil. This interaction leads to notable improvements in stiffness,
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bearing capacity, and load transfer efficiency. Compared to unreinforced soil, geocell-reinforced soil exhibits reduced settlement
and deformation, making it suitable for numerous civil engineering applications such as foundation beds, slope stabilization, road
pavements, retaining walls, and erosion control. Fig. 1 illustrates the typical structure and mechanism of geocell reinforcement.

i - - Wy p d
\

Fig. 1. Geocell reinforcement.

Several researchers have investigated the mechanical behavior of geocell-reinforced soils under various loading conditions.
Sitharam and Hegde [1] demonstrated that geocell inclusion redistributes applied loads over a wider area, thereby reducing vertical
stresses near the surface. Their study emphasized that geocell layers promote lateral load distribution, resulting in shallower stress
transmission zones. Further research indicated that geocell reinforcement can significantly reduce fatigue failure and rutting in
pavement structures [2]. Similarly, Banerjee et al. [3] observed that the inclusion of geocells reduces rut depth and local stress
concentration, with performance strongly influenced by the height and geometry of the geocell layer. As shown in Fig. 2, geocells
provide lateral confinement to soil via their three-dimensional structure. Vertical confinement is achieved through friction between
the infill and cell walls, and the geocell-reinforced base acts as a mattress to restrict upward soil movement outside the area [4].

d Applied Load

Unreinforced

b Applied Load
Horizontal Vertical

Geocell

vvyelvvenll®™ vy wlv vy

Geocell-Reinforced

Fig. 2. Effect of geocell on stress distribution [4].

The mechanical advantages of geocell systems have been validated through numerous experimental and numerical studies. For
example, Pokharel et al. [4] investigated how geocell shape, height, and infill properties influence the load-bearing behavior of
single geocell-reinforced foundations. Their findings confirmed that the inclusion of geocells enhances soil confinement, leading to
higher bearing capacities. Dash et al. [5, 6] conducted large-scale experiments on sand beds reinforced with geocell mattresses,
revealing that reinforcement could increase the bearing capacity of sand up to eightfold. Likewise, Sireesh et al. [7] analyzed the
effect of a geocell-sand mattress placed over a clay layer with voids, showing that settlement decreased markedly while bearing
capacity improved.

To gain a deeper understanding of the complex behavior of geocell-reinforced foundations, advanced numerical techniques such
as the Finite Element Method (FEM) and Finite Difference Method (FDM) have been employed. Hegde and Sitharam [8] and
Mehdipour et al. [9] developed finite element models that represented geocell layers as equivalent stiffened soil zones, simplifying
the confinement effect into an “equivalent modulus” framework. While these models improved computational efficiency, they
lacked the precision required to capture the actual 3D mechanics and interface friction between the soil and the geocell walls. To
address this limitation, Hegde and Sitharam [8] proposed a more realistic multi-cell numerical model incorporating the true curvature
and shape of the geocell walls.

Recent developments in constitutive soil modeling have further expanded numerical capabilities. Heidarzadeh [10] evaluated
the modified Cam-Clay constitutive model in FLAC and demonstrated how refined plasticity formulations can improve the
representation of soil behavior under stress paths relevant to geocell-soil systems. The generalized plasticity constitutive model
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proposed by Heidarzadeh and Oliaei [11] and the extended constitutive framework developed by Heidarzadeh et al. [12] highlight
the importance of accurate soil characterization for reliable simulation outcomes. Additionally, Heidarzadeh and Kamgar [13]
emphasized the necessity of incorporating steady-state concepts into numerical predictions of soil deformation, reinforcing the need
for advanced constitutive models when analyzing soil-reinforcement interaction.

Further contributions from other researchers have expanded the modeling capabilities for geocell-reinforced systems. Hegde et
al. [14] compared the performance of PLAXIS and ABAQUS in simulating reinforced foundations, concluding that FLAC3D
provides superior element formulations for large-deformation analysis. Oliaei and Kouzegaran [15, 16] applied FLAC3D to evaluate
geocell effects in both foundations and road base layers, confirming substantial improvements in stiffness and load distribution.
Song et al. [17] studied geocell-reinforced retaining walls and demonstrated that reinforcement enhances base stiffness and
durability while allowing thinner base layers. Ari and Misir [18] performed a comparative numerical investigation on shell
foundations supported by geocell-reinforced soil, reporting a 70% reduction in settlement. Additionally, Juneja and Sharma [19]
examined geometric parameters to determine optimal design configurations, concluding that a geocell layer height of 1.5B located
at 0.1B depth yields optimal results. Evirgen et al. [20] combined numerical and experimental analyses using PLAXIS to confirm
that geocells enhance both load-carrying capacity and deformation resistance of base layers.

Although extensive research has been conducted on geocell reinforcement, predicting the precise behavior of geocell-reinforced
foundations remains a major challenge. The inherent three-dimensional geometry of the geocell, complex soil-structure interactions,
and variability in soil properties all contribute to modeling difficulties. Simplified analytical and empirical methods often fail to
represent these interactions with sufficient fidelity, underscoring the need for more robust, physics-based numerical models.

In the present study, a three-dimensional numerical model of a geocell-reinforced foundation bed was developed using ABAQUS
software to provide a realistic representation of soil-geocell interaction. The model was validated against the benchmark results
reported by Hegde and Sitharam [8] to ensure computational accuracy and physical reliability. The study focuses on assessing the
influence of three key soil strength parameters, modulus of elasticity, internal friction angle, and unit weight, on the performance of
geocell-reinforced foundations. By comparing the relative impact of these parameters, this work aims to identify the most critical
soil characteristics affecting bearing capacity and settlement behavior.

The findings of this research provide valuable insights into the interaction mechanisms between geocell reinforcement and soil
properties, contributing to improved design approaches for reinforced foundations. Moreover, the validated numerical framework
developed herein serves as a reliable tool for predicting the performance of geocell-reinforced systems under varying soil and
loading conditions, thereby advancing both theoretical understanding and practical applications in geotechnical engineering.

2. Numerical analysis

A three-dimensional numerical model was developed using the ABAQUS finite element software to evaluate the performance
of geocell-reinforced foundations and to study the influence of various soil parameters on their bearing capacity. The research design
involved two primary stages: validation of the numerical model and subsequent parametric analysis. To ensure the model’s
reliability, a reference study conducted by Hegde and Sitharam [8] was first replicated. Once the simulation results showed
satisfactory agreement with their findings, the model was modified to investigate the effects of key parameters on the behavior of
the reinforced foundation.

2.1. Validation model

Hegde and Sitharam [8] conducted numerical simulations by modeling the true three-dimensional honeycomb geometry of
geocells using the FLAC3D software. In their study, a test tank was prepared with dimensions of 900 mm in length and width and
600 mm in height, as illustrated in Fig. 3. The foundation soil consisted of poorly graded sand (SP), whose physical and mechanical
properties are presented in Table 1. The geocell layer was fabricated from polyethylene with cell dimensions of 250 x 210 mm and
a strip thickness of 1.5 mm. Loading was applied to the reinforced soil through a square steel plate representing the foundation
footing.

Reaction Frame

= =

I |
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jack
Dial Gauge Footing
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Fig. 3. Schematic view of the test setup [8].
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Table 1. Properties of soil and geocell.

Parameter Value Parameter Value
Sand Geocell
Elastic modulus (MPa) 15 Elastic modulus (MPa) 275
Poisson’s ratio 0.3 Poisson’s ratio 0.45
Cohesion (kPa) 0 Unit weight (kN/m?) 9.5
Friction angle (deg.) 36
Unit weight (kN/m?) 20

The researchers performed both two-dimensional and three-dimensional numerical analyses using FLAC. The two-dimensional
analysis utilized the equivalent composite approach, which simplifies the reinforced zone but introduces certain uncertainties. In
contrast, the three-dimensional model represented only a quarter of the test tank by applying symmetry conditions to reduce
computational cost. The modeled domain measured 0.45 x 0.45 x 0.6 m, and the corresponding reinforced foundation configuration
is presented in Fig. 4.

Fig. 4. FLAC 3D model for geocell reinforced foundation [8].

In the present study, a comparable three-dimensional model was constructed in ABAQUS to validate and extend the earlier
findings. The geometric dimensions and material parameters from the reference study were adopted, with the geocell reinforcement
placed at the top of the soil layer. The soil was modeled using the Mohr-Coulomb yield criterion to capture the nonlinear behavior
under loading, whereas the geocell layer was represented by a linear elastic material model.

The simulation procedure consisted of two main steps. In the first step, a gravity load was applied to establish the initial in-situ
stress conditions. In the second step, a vertical displacement of 50 mm was applied over a loading area measuring 100 x 100 mm,
located at the corner of the model. The boundary conditions are explicitly defined as follows:

. Bottom boundary: Fully fixed (U1 = U2 = U3 =0).

. Two lateral faces: Restrained against horizontal movement (U1 = 0 or U2 = 0), while allowing vertical displacement.
. Two perpendicular faces: Symmetry applied to simulate one-quarter of the full domain.

. Symmetry justification: Stress contours confirmed that deformation patterns remained symmetric.

The geometry and boundary setup of the model are depicted in Fig. 5.

Fig. 5. Model with loading and boundary conditions.
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The element type of soil was C3D8R (8-node linear brick, reduced integration, hourglass control) and for geocell M3D4R
membrane elements (consistent with geocell behavior).Mesh convergence achieved when further refinement caused < 2% change
in bearing capacity. The interaction between the geocell and the surrounding soil was modeled using the Embedded Region
constraint. The geocell acted as the embedded region and the soil as the host region. This allows full kinematic compatibility without
manually defining frictional contacts, consistent with validated geocell modeling literature.

NLGEOM was set to OFF, because settlements were small compared to model dimensions and enabling large deformation did
not influence the load—settlement trends. The comparison between the results obtained from the present model and those reported by
Hegde et al. is presented in Fig. 6. Minor differences may arise due to numerical differences between FLAC3D and ABAQUS, or
parameters not explicitly specified by the original authors. Following successful validation, the model was subsequently modified
to analyze the influence of soil properties and geocell characteristics on bearing capacity and settlement behavior.

Applied pressure (kPa)
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Fig. 6. Comparison of results with the verification article.

2.2. Numerical model

In this section, the details of the developed numerical model are presented. The model dimensions were slightly adjusted to 0.5
x 0.5 x 0.5 m. To examine the influence of soil strength parameters on the performance of geocell-reinforced foundation beds, a
total of 48 simulation cases were created with varying soil properties to generate a consistent and comprehensive dataset. The soil
parameters were selected based on an extensive review of soil mechanics and geotechnical engineering literature. The soil type used
in this study corresponds to medium sand, characterized by a relative density ranging between 35 and 65 percent, as reported in
standard references. The main soil properties adopted for the analysis are summarized in Table 2. Four different values were assigned
for the elastic modulus and internal friction angle, while two values were used for the unit weight. A cohesion value of 10 kPa was
assumed to simplify the numerical modeling process. All other model components and boundary conditions remained consistent
with those used in the validation model.

Table 2. Numerical model soil parameters.

Parameter Value
Elastic modulus (MPa) 30, 35, 40, 45
Poisson’s ratio 0.3
Cohesion (kPa) 10
Friction angle (deg.) 30, 33, 36, 39
Unit weight (KN/m®) 15, 16, 17

3. Results

This study investigates the effect of three soil parameters on the behavior of geocell-reinforced foundation beds. It discusses the
effect of reinforcement, examines the impact of each parameter, and compares their relative influence.

3.1. Bearing capacity

Bearing capacity is one of the most critical performance indicators in foundation engineering. In this study, geocell-reinforced
foundation beds were analyzed to highlight the effectiveness of this type of reinforcement in improving load-bearing performance.
The bearing capacity ratio (BCR) is defined as the ratio between the bearing capacity of the reinforced foundation and that of the
unreinforced foundation. The computed values for both reinforced and unreinforced bearing capacities, along with the corresponding
BCR values, are presented in Table 3. The soil identification code used in the table consists of four components: “MS” denotes
medium-density sand; “U” followed by a number indicates the unit weight in kilonewtons per cubic meter; “E” represents the elastic
modulus; and the number following “F” specifies the internal friction angle in degrees.
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Table 3. Bearing capacities and BCR.

Soil Code gr (kPa) qu(kPa) BCR Soil Code gr (kPa) qu(kPa) BCR Soil Code gr (kPa) qu(kPa) BCR
MSU15E30F30 1120 495 2.26 MSU16E30F30 1130 505 2.24 MSU17E30F30 1135 510 2.23
MSU15E35F30 1130 500 2.26 MSU16E35F30 1135 510 2.23 MSU17E35F30 1140 520 2.19
MSU15E40F30 1135 510 2.23 MSU16E40F30 1145 520 2.20 MSU17E40F30 1155 525 2.20
MSU15E45F30 1145 520 2.20 MSU16E45F30 1150 525 2.19 MSU17E45F30 1155 535 2.16
MSU15E30F33 1415 690 2.05 MSU16E30F33 1420 695 2.04 MSU17E30F33 1425 705 2.02
MSU15E35F33 1420 700 2.03 MSU16E35F33 1425 705 2.02 MSU17E35F33 1430 715 2.00
MSU15E40F33 1425 705 2.02 MSU16E40F33 1430 710 2.01 MSU17E40F33 1440 720 2.00
MSU15E45F33 1430 710 2.01 MSU16E45F33 1435 720 1.99 MSU17E45F33 1440 730 197
MSU15E30F36 1740 985 1.77 MSU16E30F36 1755 995 1.76 MSU17E30F36 1760 1000 1.76
MSU15E35F36 1750 995 1.76 MSU16E35F36 1760 1005 1.75 MSU17E35F36 1765 1010 1.75
MSU15E40F36 1755 1000 1.76 MSU16E40F36 1765 1015 1.74 MSU17E40F36 1770 1020 1.74
MSU15E45F36 1770 1010 1.75 MSU16E45F36 1780 1020 1.75 MSU17E45F36 1785 1030 1.73
MSU15E30F39 2415 1445 1.67 MSU16E30F39 2420 1455 1.66 MSU17E30F39 2425 1460 1.66
MSU15E35F39 2420 1450 1.67 MSU16E35F39 2425 1465 1.66 MSU17E35F39 2430 1470 1.65
MSU15E40F39 2430 1460 1.66 MSU16E40F39 2430 1470 1.65 MSU17E40F39 2435 1475 1.65
MSU15E45F39 2435 1470 1.66 MSU16E45F39 2445 1480 1.65 MSU17E45F39 2455 1490 1.65

To ensure that the observed increases in bearing capacity were associated with realistic load-transfer mechanisms, the vertical
stress contours, von Mises stress distribution, and plastic strain zones beneath the footing were examined for representative cases.
In both reinforced and unreinforced soils, the stress bulbs developed in patterns consistent with classical bearing capacity theory.
The presence of the geocell produced a wider, shallower stress distribution, confirming proper confinement and shear mobilization.

Three groups of soil samples were analyzed, each consisting of 16 variations with different values of unit weight, elastic modulus,
and internal friction angle. Within each group, the soil strength increased progressively with the sample number. Consequently, the
bearing pressure ratio (BPR) exhibited a gradual decrease, indicating a reduced influence of the geocell reinforcement as the soil
became stronger. This trend is illustrated in Fig. 7. The observed improvement due to geocell reinforcement remained consistent
across all 48 simulations. Although the magnitude of improvement decreased with increasing soil strength, the qualitative behavior,
higher bearing capacity and reduced settlement in reinforced cases, was consistent throughout the entire parameter range.
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Fig. 7. BCR for different soil samples.

3.2. Effect of soil elastic modulus

The elastic modulus of a material reflects its stiffness and deformation response under applied loads and is a critical parameter
in the design and analysis of foundations, slope stability, and retaining structures. It serves as one of the principal input variables in
both finite element modeling and the Mohr-Coulomb failure criterion for simulating soil behavior. In this study, four elastic modulus
values, 30, 35, 40, and 45 MPa, were selected for the numerical model to evaluate their effect on bearing capacity. The remaining
soil parameters for these four cases are listed in Table 4. As illustrated in Fig. 8, an increase in the elastic modulus led to higher
bearing pressures in both reinforced and unreinforced models. In the figure, the curves labeled with the letter “R” represent the
reinforced versions of the corresponding samples.
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Table 4. Soil parameters for samples 1-4.

Unit weight (kN/m?®) Poisson's ratio Soil code Elastic modulus (MPa)
15 0.3 MSU15E30F30 30
Friction angle Cohesion (kPa) MSU15E35F30 35
MSU15E40F30 40
30 10
MSU15E45F30 45
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Fig. 8. Effect of soil elastic modulus on settlement.

The moderate influence of elastic modulus on bearing capacity indicates that stiffness governs the deformation response but does
not significantly change the failure mechanism. The geocell provides lateral confinement, so increases in E produce diminishing
returns once the soil stiffness exceeds the confinement stiffness provided by the geocell layer.

An increase of only 5 MPa in the soil’s elastic modulus was found to enhance the bearing capacity of the foundation. On average,
this improvement amounted to 0.46 percent in the reinforced samples and 1.03 percent in the unreinforced samples. However, as
the internal friction angle of the soil increased, the influence of the elastic modulus on bearing capacity became less significant. Fig.
9 illustrates the average percentage increase in bearing capacity resulting from a 5 MPa increment in the soil’s elastic modulus for
both reinforced and unreinforced conditions.
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Fig. 9. Effect of elastic modulus on increasing bearing capacity.
3.3. Effect of soil friction angle

The internal friction angle is a key parameter representing the shear strength of soil. Based on the Mohr-Coulomb failure
criterion, it defines the soil’s resistance to shear deformation and failure. In this study, four friction angle values, 30, 33, 36, and 39
degrees, were assigned to the numerical model to examine their influence on the bearing capacity of the foundation. The remaining
soil properties for these cases are provided in Table 5. Fig. 10 presents a comparison of the results for these soil models, illustrating
the effect of increasing the friction angle on the foundation’s bearing pressure. In the figure, curves labeled with the letter “R”
correspond to the reinforced samples.
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Table 5. Soil parameters for samples 44, 48, 52, 56.

Unit weight (kN/m?) Poisson's ratio Soil code Elastic modulus (MPa)
15 0.3 MSU15E30F30 30
Friction angle Cohesion (kPa) MSU15E30F33 33
MSU15E30F36 36
30 10
MSU15E30F39 39
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Fig. 10. Effect of friction angle on settlement.

An increase of only three degrees in the soil’s friction angle was found to raise the foundation’s bearing capacity by as much as
45 percent. For geocell-reinforced foundations, soils with higher elastic modulus exhibited a smaller improvement when the friction
angle was increased. Moreover, the higher the initial friction angle of the soil, the greater the relative impact of this three-degree
increment, as summarized in Table 6. The strong sensitivity to friction angle highlights that geocell systems perform best when
combined with soils capable of mobilizing high shear resistance. In practice, this suggests that selecting granular infill with high ¢,
or improving in-situ soils through compaction or stabilization, can significantly enhance the performance of geocell-reinforced
foundations. In reinforced cases with higher @, the contribution of the geocell becomes more efficiency-driven rather than capacity-
driven, because the soil itself controls the shear failure mechanism.

Table 6. Comparison of change in friction angle.

Angle change Average bearing capacity increase (%)
30t0 33 315
331036 32.8
36 to 39 41.7

3.4. Effect of soil unit weight

The unit weight of soil is a crucial property in geotechnical engineering. It represents the weight of the soil material contained
within a given volume. Three different unit weights with values of 15, 16 and 17 were assigned to the soils with different parameters.
Fig. 11 shows that raising the soil's unit weight can have a small increase in the bearing capacity of the foundation.

The results highlight that soil friction angle exerts the dominant control on the performance of geocell-reinforced foundations.
This suggests that in practice, geocell systems should be optimized primarily through site-specific shear strength improvement and
selection of suitable granular infill, while elastic modulus plays a secondary role. The minimal sensitivity to unit weight indicates
that for confined and reinforced foundation beds, shear strength parameters (¢, ¢) dominate load-bearing mechanisms, while density
plays only a secondary role. This aligns with the fact that confinement suppresses the effect of self-weight on failure surface
formation.

4. Conclusions

This study investigated the influence of three key soil strength parameters, elastic modulus, internal friction angle, and unit
weight, on the bearing capacity and settlement performance of geocell-reinforced foundation beds. A total of 48 three-dimensional
numerical simulations were conducted in ABAQUS, using a validated FE model benchmarked against Hegde and Sitharam [8]. The
results lead to the following conclusions:

e Geocell reinforcement significantly enhances bearing capacity, especially in weak soils where the confinement effect
compensates for insufficient stiffness. The bearing capacity ratio (BCR) ranged from 1.65 to 2.26, confirming the strong
contribution of lateral confinement and improved shear mobilization. As soil strength increased, the relative improvement
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declined, but reinforcement effectiveness remained consistent across all parameter combinations.

o All three soil parameters, elastic modulus, friction angle, and unit weight, positively contributed to bearing capacity and
settlement reduction. However, their influence was not equal. The internal friction angle showed the strongest effect: a 3°
increase raised bearing capacity by up to 45%, underscoring the central role of shear resistance in geocell—soil interaction.

e The elastic modulus had a moderate effect on bearing capacity. Increasing E by 5 MPa produced average improvements of
0.46% in reinforced and 1.03% in unreinforced soils. However, as friction angle increased, the influence of elastic modulus
diminished, indicating that stiffness affects deformation more than ultimate shear-controlled failure.

e  Unit weight had the least influence among the studied parameters. The small improvements observed indicate that in
confined reinforced beds, strength parameters (¢, E) play a far more dominant role than density in governing load-carrying
behavior.

e Based on the comparative assessment, the internal friction angle is the most influential parameter for enhancing the
performance of geocell-reinforced foundations. Higher ¢ not only raises shear strength but also increases the efficiency of
geocell confinement, creating a stiffer composite zone and improved stress redistribution.

Overall, the study confirms that geocell reinforcement provides a highly effective and practical solution for improving the
bearing capacity of shallow foundations, particularly in weak or lightly compacted soils.

The validated numerical model offers a reliable framework for predicting the behavior of reinforced foundations under variable
soil conditions.

Future work should incorporate more advanced constitutive models (e.g., generalized plasticity or state-dependent formulations),
evaluate cyclic or dynamic loading, and consider the explicit influence of geocell geometry and material stiffness to improve field-
scale applicability and design optimization.
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Fig. 11. Effect of unit weight on settlement.
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