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A  R  T  I  C  L  E I  N  F  O 

Gas flaring in oil-producing regions is a significant source of atmospheric pollutants; 

however, near-field dispersion dynamics governing worker exposure from low-capacity 

flares under seasonally contrasting atmospheric stability conditions remain insufficiently 

characterized. This study employed a two-dimensional Eulerian computational fluid 

dynamics (CFD) framework with RNG 𝑘-𝜀 turbulence closure to simulate the dispersion 

of carbon monoxide (CO), nitrogen oxides (NOx), and sulfur dioxide (SO2) from a 

representative low-capacity gas flare at exit velocities of 6-7 m/s and combustion 

temperatures of 900-1200 K. The computational domain, 2050 m × 286 m, was discretized 

into 66,000 quadrilateral control volumes. Simulations were conducted for two seasonally 

representative scenarios: an unstable summer atmosphere (Monin-Obukhov length 𝐿 = 

−1148 m) and a stable winter surface-layer inversion (𝐿 = +364 m). Model predictions were 

validated against field measurements at three downwind distances, yielding R² values of 

0.997, 0.9996, and 0.969 for CO, NOx, and SO2, respectively. CO concentrations at breathing 

height (2 m) exceeded the regulatory ambient standard by 55.0% in summer and 35.0% in 

winter; SO2 exceeded the primary ambient standard by 375% and 362.5%, respectively. NOx 

remained below the flare emission standard at the plume-core level in both seasons. Under 

unstable summer conditions, buoyancy-driven vertical uplift dominated plume transport; 

under stable winter conditions, a near-surface recirculation zone between 50 and 400 m 

downwind generated the widest spatial extent of regulatory exceedance. Atmospheric 

stability and near-source recirculation are identified as the primary controls on 

occupational exposure intensity, underscoring the need for targeted flare gas recovery 

systems and meteorology-aware worker management in Iran's oil-producing regions. 
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1. Introduction 

Advection and diffusion are fundamental processes governing the transport and dispersion of pollutants in the atmosphere. 

Advection refers to the movement of pollutants due to wind, while diffusion accounts for their spread caused by turbulence and 

molecular motion. Together, these processes are described mathematically by the advection-diffusion equation, which combines 

conservation laws with constitutive relations, such as Fick's law of diffusion [1, 2]. Key parameters influencing pollutant dispersion 

include wind profile, eddy diffusivity, and temperature. Wind profiles dictate the horizontal transport of pollutants, with stronger 

winds generally enhancing dispersion [3]. Eddy diffusivity, a measure of turbulent mixing, varies with atmospheric stability and 

height, significantly affecting vertical pollutant spread [4, 5]. Temperature impacts atmospheric stability, as well as advection and 

diffusion rates [6]. Numerical methods such as finite difference schemes and advanced techniques, including the Generalized 
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Integral Transform Technique (GILTT), are commonly employed to solve the advection-diffusion equation [7, 8]. However, 

classical analytical approaches such as GILTT and standard finite difference schemes are subject to well-documented limitations: 

they rely on idealized assumptions of uniform wind fields and flat terrain, and their accuracy deteriorates significantly under spatially 

varying meteorological conditions, complex source geometries, or highly transient emission scenarios [5, 7]. These constraints 

render them inadequate for resolving near-field pollutant concentrations at the breathing-zone scale, particularly in the vicinity of 

industrial flaring sources where turbulence, buoyancy effects, and ground-level accumulation must be captured with high spatial 

fidelity. Emerging approaches, such as physics-informed neural networks (PINNs), offer promising alternatives for modeling 

complex pollutant dynamics under varying atmospheric conditions [8], enabling accurate predictions of pollutant concentrations 

and aiding environmental planning and policy development. 

Gas flaring is a significant source of air pollution in Iran, contributing to greenhouse gas emissions, particulate matter, and 

volatile organic compounds (VOCs). Iran ranks as the third-largest gas-flaring country globally, accounting for approximately 

12.1% of global flaring emissions [9]. Flaring activities emit pollutants such as CO2, NOx, black carbon, and VOCs, with emission 

rates influenced by flare efficiency, gas composition, and combustion conditions [10, 11]. The chemical composition of flare gas in 

Iran often includes methane, ethane, propane, and hydrogen sulfide, which vary by region and extraction site [12]. Inefficient 

combustion processes exacerbate emissions, producing harmful byproducts such as polycyclic aromatic hydrocarbons (PAHs) [13]. 

Seasonal variability, including higher winter wind speeds, further reduces combustion efficiency and increases pollutant dispersion 

[14]. Iran's regulatory framework has struggled to mitigate flaring due to infrastructure limitations and economic constraints. While 

flare gas recovery systems have been implemented in some refineries, widespread adoption remains limited [15]. Addressing these 

challenges requires enhanced monitoring, stricter enforcement, and investment in recovery technologies [16]. 

Explicit and implicit numerical schemes are widely used to model pollutant diffusion and advection, each offering distinct 

advantages and limitations. Explicit schemes, such as finite difference methods, are computationally simple and easy to implement 

but require small time steps to remain stable, especially at high Peclet numbers [17, 18]. Implicit schemes, such as Crank-Nicolson, 

are unconditionally stable and allow larger time steps, making them suitable for long-term simulations, though they are 

computationally more intensive [19, 20]. Recent innovations, including semi-Lagrangian Crank-Nicolson (SLCN) methods, 

combine the strengths of both approaches, offering stability at large Courant numbers and improved accuracy for curved streamlines 

[21]. Additionally, hybrid schemes such as the QUICK method improve mass conservation and computational efficiency, 

particularly for transient simulations [18]. Among more recent developments in the broader literature, PINNs have been proposed 

as an alternative framework that integrates machine learning with physical laws to solve advection-diffusion equations, showing 

promise for pollutant source identification and transport prediction with reduced computational cost [22, 23]. These methods have 

been explored in complex scenarios such as groundwater contamination and heterogeneous media [23, 24]. 

Nevertheless, PINNs remain computationally immature for operational near-field industrial dispersion applications at the spatial 

resolution required for breathing-zone exposure assessment. The present study, therefore, adopts a two-dimensional Eulerian CFD 

framework that provides spatial fidelity and physical completeness, including buoyancy effects, turbulence closure, and ground-

level recirculation, necessary to resolve pollutant concentrations at occupationally relevant scales. Despite these methodological 

advances in the field, the application of high-resolution CFD frameworks to near-field dispersion from low-capacity industrial flares, 

particularly under the combined influence of seasonal atmospheric instability and surface-layer inversion, remains underexplored 

in the literature, especially in Iran's oil and gas-producing regions. 

Seasonal variability significantly influences the dispersion and transport of pollutants from flaring activities in Iran. 

Meteorological parameters such as wind speed, temperature, humidity, and atmospheric stability vary seasonally, producing distinct 

patterns of pollutant diffusion and advection. Higher winter wind speeds enhance horizontal transport of pollutants, while lower 

temperatures increase atmospheric stability and suppress vertical mixing [25, 26]. In contrast, summer conditions foster convective 

instability, promoting vertical uplift but reducing near-surface dilution under low-wind regimes [27]. These seasonally contrasting 

regimes, surface-layer inversion in winter versus convective instability in summer, govern the spatial footprint and ground-level 

magnitude of pollutant accumulation near flaring sources, and constitute the primary meteorological forcing examined in this study. 

Additionally, reduced rainfall and lower planetary boundary layer heights, as observed during certain seasonal episodes, further 

hinder pollutant dispersion and elevate ground-level concentrations [28, 29]. 

Empirical studies in Iran have demonstrated the utility of advanced modeling techniques for predicting pollutant concentrations 

from flaring activities, while also revealing persistent methodological limitations. The CALPUFF model, combined with 

meteorological data from the Weather Research and Forecasting (WRF) model, was applied to simulate sulfur dioxide (SO2)  

dispersion from gas flares on Sirri Island, showing that low-height flares produce higher ground-level concentrations. In contrast, 

elevated flares affect areas farther from the source [30]. Satellite-based approaches have also been employed to estimate flaring 

volumes and emissions, with artificial neural networks (ANNs) achieving an R² of 0.73 in correlating flare volumes with remote 

sensing data [31]. Hybrid models such as ARIMA-TSVR have further demonstrated superior forecasting accuracy relative to 

traditional methods [32]. Key challenges include variability in flare gas composition and the influence of meteorological conditions, 

both of which complicate modeling efforts. Critically, prior modeling studies of Iranian flaring zones have largely relied on Gaussian 

plume models or mesoscale meteorological frameworks, which sacrifice near-field spatial resolution and are unable to resolve 

breathing-zone concentrations or capture the recirculation zones and buoyancy-driven plume dynamics characteristic of low-

capacity flares [30, 32]. These methodological gaps directly motivate the present study. 

Against this background, the present study addresses three specific gaps in the existing literature. First, no prior study has applied 



Boudaghpour et al. Civil Engineering and Applied Solutions, 2027; 3(2): 1–15 
 

3 

a two-dimensional Eulerian CFD framework to quantify the dispersion of CO, NOx, and SO2 from a low-capacity flare under the 

seasonally contrasting atmospheric conditions characteristic of Iran's flaring zones. Second, existing modeling efforts have not 

resolved pollutant concentrations at the breathing-zone scale (approximately 1.5 m above ground level) with sufficient spatial detail 

to assess occupational exposure relative to established air quality standards. Third, the compound influence of summer atmospheric 

instability and winter temperature inversion on near-field plume behavior has not been systematically compared within a unified 

high-resolution modeling framework for this region. To address these gaps, this study employs a CFD approach based on the 

Eulerian advection-diffusion formulation to simulate the dispersion of CO, NOx, and SO2 from a representative low-capacity flare 

under summer and winter meteorological conditions. The central hypothesis is that seasonal differences in atmospheric stability, 

specifically convective instability in summer versus surface-layer inversion in winter, produce fundamentally distinct near-field 

dispersion patterns, with winter conditions generating substantially higher ground-level concentrations within the worker exposure 

zone. Notably, the seasonally contrasting atmospheric regimes examined here are consistent with atmospheric patterns projected to 

intensify across southwestern Iran under continued warming [27, 33, 34], thereby making the present findings directly relevant to 

long-term air quality planning in the region. The findings are intended to inform occupational health risk assessment and emission 

control strategies for Iran's flaring-intensive oil and gas sector. 

2. Methodology 

This study focuses on a gas flare from an oil exploitation unit with a nominal capacity of 15,000 barrels per day, representative 

of low-capacity upstream production facilities common in Iran's southwestern oil fields. The flare in this unit is FLARESIM 1.2.0, 

characterized as hot, low-pressure (LP), and operating without a mixing agent. The detailed geometric and emission specifications 

of the flare stack are summarized in Table 1. The flare stack has a height of 22 m, a base diameter of 24 inches (0.6096 m), and a 

tip diameter of 10 inches (0.254 m). The combustion exit temperature ranges from 900 to 1200 K, and the gas exit velocity at the 

flare outlet ranges from 6 to 7 m/s. Based on the reported outlet density and pollutant mass fractions, the estimated pollutant mass 

flow rates are 5.49-7.41 g/s for CO, 0.86-1.66 g/s for NOx, and 0.039-0.047 g/s for SO2, derived using combustion-based emission 

factors for LP Iranian flares [10, 14]. 

Table 1. Flare stack and emission source specifications. 

Parameter Value Unit 

Stack height 22 m 

Stack diameter (base) 24 in (0.6096) m 

Tip diameter 10 in (0.254) m 

Exit gas velocity 6-7 m/s 

Exit temperature 900-1200 K 

CO mass flow rate 5.49-7.41 g/s 

NOx Mass Flow Rate 0.86-1.66 g/s 

SO2 mass flow rate 0.039-0.047 g/s 

Computational domain 2050 × 286 m 

Number of control volumes 66,000 — 

Turbulence model RNG 𝑘-𝜀 — 

The concentration of air pollutants can be evaluated from two perspectives: the Eulerian and Lagrangian. The main distinction 

between these approaches lies in their coordinate systems. In the Eulerian system, the coordinate framework remains fixed relative 

to the movement of air masses, whereas in the Lagrangian system, it moves with the atmospheric masses. The Eulerian framework 

was selected for this study because it provides superior spatial resolution for near-field concentration fields and is better suited to 

resolving ground-level pollutant accumulation near a fixed emission source; Lagrangian particle-tracking methods, while effective 

for far-field transport, are computationally more demanding at the spatial scales required for breathing-zone exposure assessment 

[35, 36]. The fundamental equations governing fluid flow include the conservation of mass and momentum, which, together with 

the thermodynamic energy equation, form the cornerstone of atmospheric modeling. The computational domain was discretized into 

small elements using Gmsh. Subsequently, partial differential equations representing the flow, derived from the Navier-Stokes 

equations, were applied across the entire grid. This process yielded a large set of nonlinear equations, which were solved 

simultaneously using ANSYS Fluent. Given the turbulent nature of the flow in this problem, specific turbulence models were 

incorporated into the analysis, as described in the following sections. 

2.1. The governing equations 

The advection-diffusion equation governs mass transfer in the atmospheric domain. Because the density variation of air under 

the simulated meteorological conditions is negligible (Mach number ≪ 0.3), the assumption of incompressible momentum 

conservation equations is adopted throughout, except for the buoyancy term, which is treated via the Boussinesq approximation (see 

Boundary Conditions section). The incompressible momentum conservation equations in the 𝑥 (horizontal) and 𝑧 (vertical) 

directions, expressed in terms of the Navier-Stokes formulation, are as shown in Eqs. 1 and 2 [35]. 
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where 𝑢 (m/s) and 𝑤 (m/s) are the velocity components in the horizontal (𝑥) and vertical (𝑧) directions, respectively; 𝜌𝑎 (kg/m³) is 

the air density, treated as constant under the incompressible assumption; 𝑝𝑎 (Pa) is the atmospheric pressure; 𝑔 = 9.81 m/s² is 

gravitational acceleration; and 𝐾𝑥𝑥, 𝐾𝑧𝑥, 𝐾𝑥𝑧 , 𝐾𝑧𝑧  (m²/s) are the horizontal and vertical components of the turbulent diffusion tensor, 

whose values are discussed in the context of Table 1 below. 

The energy equation for Newtonian fluids with constant density and viscosity is expressed as Eq. 3 [35]: 

𝜕𝜃𝑉

𝜕𝑡
+ (𝑣 ⋅ ∇)𝜃𝑣 =

1

𝜌𝑎
(∇ ⋅ 𝜌𝑎𝐾ℎ∇)𝜃𝑣 +

𝜃𝑉

𝑐𝑝,𝑑𝑇𝑉
∑  

𝑁𝑎ℎ
𝑛=1  

𝑑𝑄𝑛

𝑑𝑡
  (3) 

where 𝜃𝑉 (K) is the virtual potential temperature; 𝐾ℎ (m²/s) is the thermal eddy diffusivity; 𝑐𝑝,𝑑  (J/kg·K) is the specific heat of dry 

air at constant pressure; 𝑇𝑉 (K) is the virtual temperature; and 𝑑𝑄𝑛/𝑑𝑡 (W/kg) represents the diabatic heating rate from the n-th 

atmospheric heat source. The summation extends over all Nah diabatic contributions relevant to the boundary layer, including 

surface heat flux and radiative terms. 

The turbulent dispersion tensor 𝐾 is a 3 × 3 matrix whose components are determined by the RNG 𝑘-𝜀 turbulence closure model 

and meteorological stability parameters, following the theoretical framework of Jacobson [37]. In these equations, 𝑢 and 𝑤 are 

velocities in the 𝑥 and 𝑧 directions; 𝜌𝑎 (kg/m³) is the fluid density of air; and 𝑐𝑝,𝑑  (J/kg·K) is the specific heat of dry air at constant 

pressure. 

Pollutant transport in the atmosphere is governed simultaneously by advection and diffusion. Each mechanism contributes a 

distinct transfer factor that describes how a given volume or mass of air transfers the material. The continuity equation governing 

pollutant transport is expressed as Eq. 4 [35]: 

𝜕𝑁

𝜕𝑡
+ ∇ ⋅ (𝑣𝑁) − (∇ ⋅ 𝐾ℎ∇)𝑁 = 0  (4) 

where 𝑁 (mol/m³) is the pollutant molar concentration and 𝑣 (m/s) is the local wind velocity vector. The turbulent mass diffusivity, 

𝐾ℎ, specifically its horizontal (𝐾𝑥𝑥, m²/s) and vertical (𝐾𝑧𝑧, m²/s) components, varies with wind speed and atmospheric stability 

class, following the parameterizations of Jacobson [37] and Akkanen et al. [38]. The values of these coefficients are given in Table 

2. 

Table 2. Values of turbulent mass diffusion coefficients (m²/s) as a function of wind speed and atmospheric stability class  [37, 38]. 

Wind velocity (m/s) 
Good  Cloudy  Rainy 

𝑲𝒙𝒙 𝑲𝒛𝒛  𝑲𝒙𝒙 𝑲𝒛𝒛  𝑲𝒙𝒙 𝑲𝒛𝒛 

0-2 10 300  10 200  10 250 

2-3 10 200  10 100  10 150 

<3 10 100  10 50  10 50 

The substantially larger vertical diffusion coefficients (𝐾𝑧𝑧 ≫ 𝐾𝑥𝑥) under low-wind, good-visibility conditions reflect the 

dominance of convective vertical mixing during unstable summer atmospheric conditions. Under stable winter inversion conditions, 

the reduced 𝐾𝑧𝑧 values are consistent with the suppression of vertical mixing characteristic of positive Monin-Obukhov length (𝐿 > 

0) regimes, as simulated in this study [4, 37]. 

2.2. Turbulence closure 

The high Reynolds number of atmospheric boundary-layer flow in the vicinity of an industrial flare renders molecular viscosity 

negligible; the dominant influences on pollutant dispersion and plume dynamics arise from vortex turbulence and recirculation. The 

RNG 𝑘-𝜀 model was selected over the standard and realizable 𝑘-𝜀 variants for its demonstrated accuracy across a wide range of 

turbulent atmospheric flow regimes, including buoyancy-affected boundary layer flows and recirculating near-source plumes [39, 

40]. The RNG formulation also provides improved predictions of streamline curvature and low-Reynolds-number effects near the 

ground boundary, which are critical for resolving breathing-zone concentrations in the near-field. The governing transport equations 

for turbulent kinetic energy 𝑘 (m²/s²) and its dissipation rate 𝜀 (m²/s³) are as shown in Eqs. 5 to 7 [39]. 

𝐷𝑘

𝐷𝑡
= ∇ ⋅ (

𝑣𝑇

𝜎𝑘
∇𝑘) + 𝑝 − 𝜀  (5) 

𝐷𝜀

𝐷𝑡
= ∇ ⋅ (

𝑣𝑇

𝜎𝜀
∇𝜀) + 𝐶1𝜀

𝜀

𝑘
𝑝 − 𝐶2𝜀

𝜀2

𝑘
  (6) 

𝑣𝑡 = 𝑐𝜇
𝑘2

𝜀
  (7) 

where 𝑣𝑇 (m²/s) is the turbulent kinematic viscosity; 𝑝 (m²/s³) is the turbulent kinetic energy production rate; and 𝜎𝑘 and 𝜎𝜀 are the 



Boudaghpour et al. Civil Engineering and Applied Solutions, 2027; 3(2): 1–15 
 

5 

turbulent Prandtl numbers for 𝑘 and 𝜀, respectively. The constant 𝑐𝜇 in Eq. 7 is 0.0845. Based on experimental observations, the 

turbulent kinetic energy production-to-dissipation ratio, 𝑝/𝜀, is set to 1.7 in the atmospheric surface layer [39]. The model constants 

are 𝐶1𝜀 = 1.42, 𝐶2𝜀 = 1.68, and 𝜎𝑘 = 𝜎𝜀 = 0.72. 

The finite volume method was employed to derive discretized algebraic equations for each control volume using the integral 

form of Gauss's divergence theorem (Eq. 8) [36]. 

𝜕

𝜕𝑡
(∫

∀
 𝜌𝜙𝑑∀) + ∫

𝐴
 𝑛 ⋅ (𝜌𝜙𝑢)𝑑𝐴 = ∫

𝐴
 𝑛 ⋅ (Γ∇𝜙)𝑑𝐴 + ∫

∀
 𝑆𝜙𝑑∀  (8) 

where 𝜙 represents the transported scalar quantity (velocity component, temperature, or pollutant concentration); Γ (kg/m·s) is the 

effective diffusivity, comprising both molecular and turbulent contributions; and 𝑆𝜙 is the volumetric source term. The SIMPLE 

algorithm was used for pressure-velocity coupling, and second-order upwind discretization was applied to all convective terms to 

minimize numerical diffusion [40]. In this approach, conservation laws are applied to all variables within the control volume 

framework, ensuring that no artificial production or destruction of conservative variables occurs. 

2.3. Computational domain, grid, and independence study 

Based on established standards, the spatial dimensions of the solution domain are defined as 2,050 m in the direction of the 

prevailing wind and 286 m in height, equivalent to ten times the flare stack height, a domain size selected to ensure that pollutant 

concentrations at all lateral and upper boundaries remain negligible [36, 41]. The 𝑥- and 𝑦-axes represent the prevailing wind 

direction and altitude, respectively, with the coordinate origin at the base of the flare stack at ground level. The computational space 

was discretized into 66,000 quadrilateral control volumes using Gmsh, with mesh refinement concentrated in the near-source region 

within approximately 50 m of the flare stack and within the first 20 m above ground level to resolve steep concentration gradients 

associated with plume rise, buoyancy-driven recirculation, and near-ground pollutant accumulation. A smaller control volume 

density was employed in regions of high concentration gradient to optimize computational cost while maintaining accuracy. The 

computational domain and grid layout of the study area are shown in Fig. 1. 

 
Fig. 1. Schematic of the grid layout of the study area. 

To ensure numerical accuracy and verify independence from spatial discretization, a systematic grid sensitivity analysis was 

performed. Three mesh densities comprising 32,000 (coarse), 66,000 (medium), and 125,000 (fine) control volumes were evaluated. 

The peak ground-level NOx concentration at 100 m downwind was monitored as the key indicator of convergence. As shown in 

Table 3, the relative difference in peak concentration between the medium and fine meshes was found to be only 2.1%, which falls 

well within the acceptable threshold for grid independence in atmospheric CFD studies. Consequently, the 66,000-cell mesh was 

selected as the optimal balance between spatial resolution and computational efficiency. 

Table 3. Grid independence study results for peak ground-level 𝐍𝐎𝐱 concentration. 

Mesh level Number of cells Peak 𝐍𝐎𝐱 concentration (μg/m3) Relative error (%) 

Coarse 32,000 142.8 — 

Medium 66,000 156.4 9.5% 

Fine 125,000 159.7 2.1% 

2.4. Atmospheric profiles and seasonal boundary conditions 

The relationship between wind velocity and height varies significantly within the atmospheric boundary layer. Wind and 

temperature profiles at the inlet boundary were prescribed using Monin-Obukhov similarity theory [4, 41], which provides a 

physically rigorous description of the surface layer under both stable and unstable stratification, as shown in Eqs. 9 and 10. 

|𝑉ℎ(𝑧)| =
𝑢∗

𝑘
[𝐿𝑛 (

𝑧

𝑧0,𝑚
) − 𝜓𝑚]  (9) 

𝜃𝑣(𝑧) = 𝜃𝑣(𝑧0,ℎ) + 𝑃𝑡
𝑟 𝜃∗

𝑘
[𝐿𝑛

𝑧

𝑧0,ℎ
− 𝜓ℎ]  (10) 



Boudaghpour et al. Civil Engineering and Applied Solutions, 2027; 3(2): 1–15 
 

6 

where 𝑢∗ (m/s) is the friction velocity; 𝑘 = 0.41 is the von Kármán constant; 𝑧0,𝑚 (m) and 𝑧0,ℎ (m) are the aerodynamic roughness 

lengths for momentum and heat, respectively; 𝜃∗ (K) is the Monin-Obukhov temperature scale; 𝑃𝑡
𝑟  is the turbulent Prandtl number; 

and 𝜓𝑚 and 𝜓ℎ are the integrated stability correction functions for momentum and heat, respectively [4, 41]. The Monin-Obukhov 

length 𝐿 (m) characterizes the prevailing atmospheric stability regime, with 𝐿 > 0 indicating stable (winter inversion) conditions and 

𝐿 < 0 indicating unstable (summer convective) conditions. 

The meteorological input parameters for each seasonal scenario, derived from surface observations representative of Iran's 

southwestern oil-producing regions [30], are as follows. 

For the winter scenario (stable surface-layer inversion, 𝐿 = +363.9 m > 0): 

𝜃𝑣(𝑍𝑟) = 276.9646, 𝜃𝑣(𝑧0,ℎ) = 276.767, 𝑢∗ = 0.16899818, 𝜃∗ = 0.00553947, 𝐿 = 363.907496  

|𝑉(𝑍)| = 0.4225Ln (
𝑍

0.0003
) + 0.006966(𝑍 − 0.0003)  (11) 

𝜃𝑣(𝑧) = 276.767 + 0.013156 𝐿𝑛 (
𝑧

3×10−6) + 0.0003(𝑧 − 3 × 10−6)  (12) 

The positive value of 𝐿 confirms stable stratification, with 𝑧/𝐿 > 0 throughout the domain, consistent with the suppression of 

vertical mixing characteristic of winter temperature inversion in the region. 

For the summer scenario (unstable convective boundary layer, 𝐿 = −1148.0 m < 0): 

𝜃𝑣(𝑧𝑟) = 299.8646, 𝜃𝑣(𝑧0,ℎ) = 299.947, 𝑢∗ = 0.18628209, 𝜃∗ = −0.00231, 𝐿 = −1147.968  

|𝑉‾(𝑧)| = 0.466

[
 
 
 

Ln (
𝑧

0.0003
) − Ln [

[1+0.0168𝑧]
1
2[1+(1+0.0168𝑧)

1
4]

2

8
]

]
 
 
 

+ 0.932tan−1(1 + 0.0168z)
1

4 − 0.732  (13) 

𝜃(𝑧) = 299.947 − 0.00548625 [Ln (
𝑧

3×10−6) − 2Ln [
1+1.0526(1+0.0101048𝑧)

1
2

2.0526
]]  (14) 

The negative Monin-Obukhov length (𝑧/𝐿 < 0) confirms unstable atmospheric conditions, with enhanced vertical mixing and 

convective uplift of the pollutant plume, consistent with summer daytime conditions in southwestern Iran. These profiles were 

implemented as User-Defined Functions (UDFs) in ANSYS Fluent. The resulting wind velocity and temperature profiles for both 

seasons are presented in Figs. 2 to 4, confirming physically consistent behavior: a logarithmic-linear (Businger-Dyer corrected) 

profile under stable winter conditions and an enhanced mixing profile under unstable summer conditions. 

 
Fig. 2. The height profiles of wind velocity for both winter and summer days. 

 

 
Fig. 3. The temperature profile with respect to height on a winter day. 
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Fig. 4. The temperature profile with respect to height on a summer day. 

2.5. Boundary conditions 

The boundary conditions applied at each face of the computational domain are summarized as follows and are consistent with 

standard practice for atmospheric CFD simulations of near-source pollutant dispersion [37, 40, 41]. 

In this study, the simulation is performed under the assumption of incompressible flow, based on the prevailing wind and 

temperature profiles imposed at the inlet boundary. This assumption is justified by the relatively low Mach number of atmospheric 

flows in the context of pollutant dispersion, where density variations are negligible except in buoyancy-driven phenomena. At the 

inlet (upwind) boundary, spatially varying velocity and temperature profiles prescribed by Eqs. 9 to 14 were imposed as UDFs. At 

the downstream boundary, an outlet condition maintains the fluid pressure at ambient atmospheric levels, allowing natural outflow 

without artificial reflections. The upper boundary of the computational domain is treated as a symmetry plane, setting all normal 

gradients of velocity, pressure, and scalar quantities to zero, effectively ensuring no flux across this boundary. The ground boundary 

is modeled as a no-slip wall representing the surface of the flare system and the surrounding terrain. The flare stack outlet is defined 

as a velocity inlet boundary with specified exit velocity (6-7 m/s), exit temperature (900-1200 K), and pollutant mass flow rates 

(CO: 5.49-7.41 g/s; NOx: 0.86-1.66 g/s; SO2: 0.039-0.047 g/s), consistent with the emission specifications in Table 1. The working 

fluid ambient air is assumed to behave as a Newtonian fluid, where viscous stresses are linearly proportional to the strain rate. The 

Boussinesq approximation is employed to capture buoyancy effects induced by thermal gradients, allowing density variations to be 

considered only in the buoyancy term of the momentum equations while treating the flow as incompressible elsewhere, thereby 

balancing physical realism with computational efficiency [37]. 

2.6. Model validation 

The predictive performance of the CFD framework was assessed by comparing simulated ground-level pollutant concentrations 

with field measurements at downwind distances of 50, 100, and 200 m from the flare base, in the near-field zone most critical for 

occupational exposure assessment. The simulated and measured concentrations, together with the corresponding validation metrics, 

are presented in Table 4. 

Table 4. Comparison of simulated and measured ground-level pollutant concentrations at three downwind distances. 

Distance (m) 𝐂𝐎𝐬𝐢𝐦 (mg/m³) 𝐂𝐎𝐬𝐞𝐚𝐦 (mg/m³) 𝐍𝐎𝐱𝐬𝐢𝐦
 (mg/m³) 𝐍𝐎𝐱𝐦𝐞𝐚𝐬

 (mg/m³) 𝐒𝐎𝟐𝐬𝐢𝐦  (mg/m³) 𝐒𝐎𝟐𝐦𝐞𝐚𝐬
 (mg/m³) 

50 128.0 135.0 106.5 113.0 0.0880 0.0815 

100 123.0 128.5 89.5 95.0 0.0850 0.0782 

200 105.0 111.0 86.2 92.0 0.0825 0.0768 

The predictive performance of the CFD framework was quantitatively assessed by comparing simulated ground-level pollutant 

concentrations with field measurements at three strategic downwind distances (50, 100, and 200 m) from the flare base. Model 

accuracy was evaluated using the Root-Mean-Square Error (RMSE) and the coefficient of determination (R2).  

RMSE = √
1

𝑛
∑ (𝐶𝑠𝑖𝑚,𝑖 − 𝐶𝑚𝑒𝑎𝑠,𝑖)

2𝑛
𝑖=1   (15) 

The calculated R2 values for CO, NOx, and SO2 were 0.9973, 0.9996, and 0.9689, respectively, indicating an exceptional 

correlation between the numerical predictions and field data within the critical near-field zone. The corresponding RMSE values 

were 6.20 mg/m3 for CO, 5.95 mg/m3 for NOx, and 0.00635 mg/m3 for SO2. 

These high correlation coefficients, derived from the available monitoring points, demonstrate the model's robustness in 

capturing the primary dispersion characteristics and plume grounding effects under varying atmospheric stability regimes. While 

the model exhibits a minor systematic underprediction of approximately 5-6%, a trend consistent with the known tendency of steady-

state RANS formulations to underestimate peak near-source concentrations due to time-averaged turbulent fluctuation effects [38, 

39], the consistency of this bias across all pollutant species confirms the physical realism and systematic reliability of the 

implemented 𝑘-𝜀 framework. 
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3. Results and discussions 

The simulations were conducted for two seasonally representative meteorological scenarios: a summer day characterized by 

unstable atmospheric conditions (Monin-Obukhov length 𝐿 = −1148 m) and a winter day characterized by stable surface-layer 

inversion (𝐿 = +364 m), using a two-dimensional Eulerian CFD framework to quantify near-field concentrations of CO, NOx, and 

SO2 from a representative low-capacity gas flare. The primary objective was to assess potential exceedances of established air-

quality standards within the worker exposure zone, with particular emphasis on the breathing zone at 2 m above ground level. 

Pollutant concentrations were analyzed at 2 m above ground level, corresponding to the representative human breathing zone, and 

at the elevated plume core near the flare stack outlet to evaluate vertical and downwind transport of emissions. The simulated flow 

field and plume-dispersion structure for both seasonal scenarios are presented in Figs. 5 to 8; concentration profiles at breathing 

height for CO, NOx, and SO2 are presented in Figs. 9 to 11. Table 5 summarizes the exceedance analysis relative to the regulatory 

ambient air-quality and flare-emission standards adopted in this study, and serves as the quantitative basis for the mechanistic 

interpretation presented in the following sections. 

Table 5. Exceedance analysis of simulated pollutant concentrations relative to regulatory ambient air-quality and flare-emission 

standards (values estimated from simulation profiles). 

Pollutant Condition/height Max simulated (mg/m³) Standard (mg/m³) Standard type Exceedance 

CO Summer, 2 m 62 40 Ambient, 1-h +55.0% 

CO Winter, 2 m 54 40 Ambient, 1-h +35.0% 

CO Summer, elevated plume level 290 160 Flare emission +81.3% 

CO Winter, elevated plume level 260 160 Flare emission +62.5% 

NOx Summer, 2 m 16 0.10 Ambient (screening*) >100-fold* 

NOx Winter, 2 m 13 0.10 Ambient (screening*) >100-fold* 

NOx Summer, elevated plume level 76 709 Flare emission −89.3% 

NOx Winter, elevated plume level 63 709 Flare emission −91.1% 

SO2 Summer, 2 m 0.38 0.08 Primary ambient +375% 

SO2 Winter, 2 m 0.37 0.08 Primary ambient +362.5% 

SO2 Summer, 2 m 0.38 1.30 Secondary ambient −70.8% 

SO2 Winter, 2 m 0.37 1.30 Secondary ambient −71.5% 

SO2 Summer, elevated plume level 1.85 2360 Flare emission −99.92% 

SO2 Winter, elevated plume level 1.85 2360 Flare emission −99.92% 

*NOx values at 2 m represent near-source occupational screening indicators only. The apparent exceedance reflects the comparison between a near-source model-

predicted concentration and a spatially and temporally averaged ambient criterion; see Section 3.3 for detailed interpretation. 

3.1. Seasonal dispersion dynamics 

The two-dimensional CFD simulations demonstrated a clear and physically consistent seasonal contrast in near-field plume 

behavior, as illustrated in Figs. 5 and 6. Under unstable summer atmospheric conditions (𝐿 < 0), buoyancy-driven uplift carried 

pollutants to elevated atmospheric layers within the near-field region downwind of the flare. At higher elevations, ambient wind 

speeds of 10-12 m/s rendered horizontal advection dominant, transporting pollutants further downwind before descending to ground 

level. This behavior is consistent with the convective mixing dynamics of unstable boundary layers, in which enhanced effective 

vertical turbulent diffusivity promotes rapid dilution [4, 37]. 

 
Fig. 5. Streamline pattern and near-surface recirculation structure under stable winter atmospheric conditions (𝑳 = +364 m). The 

simulated flow field shows the formation of a low-velocity recirculation zone within the near-field region downwind of the flare stack, 

contributing to enhanced near-ground pollutant accumulation. 

During stable winter conditions (𝐿 > 0), the suppression of vertical mixing associated with stable atmospheric stratification 

confined the plume to lower atmospheric layers. As shown in Fig. 5, the formation of a recirculation zone in the lee of the flare 

stack, driven by the interaction of the ambient wind field with the vertical stack geometry, generated a region of elevated near-

surface concentration between approximately 50 and 400 m downwind. Localized reverse flow and low-velocity recirculation 

regions were observed near the surface in this zone, further contributing to near-surface pollutant accumulation. These dynamics 
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are physically consistent with the stable boundary layer structure imposed by the winter Monin-Obukhov parameters (𝑢 = 0.169 

m/s, 𝜃 = +0.00554 K, 𝐿 = +364 m) and with previously reported behavior of industrial plumes under surface-layer inversion 

conditions [30, 39]. 

The seasonal contrast between vertical plume rise in summer and near-ground horizontal trapping in winter, as shown 

comparatively in Fig. 6, constitutes the primary mechanism governing the spatial extent and magnitude of worker-zone exposure in 

the vicinity of the flare and represents the central physical finding of this study. 

 

  
(a) (b) 

Fig. 6. Near-field plume-dispersion contours predicted by the two-dimensional CFD model under: (a) unstable summer atmospheric 

conditions; and (b) stable winter atmospheric conditions. The contours illustrate the seasonal contrast between enhanced vertical 

plume rise during unstable conditions and increased near-surface confinement under stable stratification. 

3.2. Carbon monoxide 

The downwind variation of CO concentration at breathing height (2 m) for both seasonal scenarios, together with the applicable 

regulatory ambient air-quality standard, is presented in Fig. 8. CO concentrations in the worker exposure zone are substantially 

higher than at greater distances, with the steepest concentration gradient occurring within a 250 m radius of the flare. At the elevated 

plume-core level, CO exceeded the flare emission standard over the near-source region, particularly within approximately 3-13 m 

downwind of the flare stack. 

The peak simulated CO concentration at breathing height was 62 mg/m³ in summer and 54 mg/m³ in winter, corresponding to 

exceedances of the regulatory ambient air-quality standard (40 mg/m³, 1-hour average) of 55.0% and 35.0%, respectively (Table 5). 

At the elevated plume-core level, peak CO concentrations of 290 mg/m³ in summer and 260 mg/m³ in winter exceeded the applicable 

flare emission standard of 160 mg/m³ by 81.3% and 62.5%, respectively. 

The higher peak breathing-zone CO concentration in summer (62 mg/m³) compared with winter (54 mg/m³) reflects the influence 

of near-wake recirculation dynamics in the immediate vicinity of the flare stack. Under unstable summer conditions, although overall 

vertical dilution is enhanced at higher atmospheric levels, the stronger exit momentum of the heated plume drives a portion of the 

gas downward in the recirculation zone immediately downstream of the stack, producing locally elevated near-ground 

concentrations within the first 50-100 m. This near-source recirculation effect outweighs the broader dilution advantage of unstable 

stratification in the immediate worker-exposure zone, indicating that source-exit conditions rather than far-field meteorological 

dilution are the dominant controls on peak breathing-zone CO exposure near a low-capacity flare. This physical behavior is visually 

captured in the CO concentration contours presented in Fig. 7. 

 
(a) 



Boudaghpour et al. Civil Engineering and Applied Solutions, 2027; 3(2): 1–15 
 

10 

 
(b) 

Fig. 7. Simulated 𝐂𝐎 concentration contours under: (a) unstable summer conditions; and (b) stable winter conditions. The contour 

fields illustrate the transition from buoyancy-driven plume rise during unstable atmospheric conditions to enhanced near-ground 

confinement under stable stratification. 
 

 
Fig. 8. Downwind variation of 𝐂𝐎 concentration at breathing height (2 m above ground level) under summer (unstable) and winter 

(stable) atmospheric conditions, together with the applicable regulatory ambient air-quality standard for 𝐂𝐎. 

CO concentrations progressively decreased with downwind distance in both seasonal scenarios, approaching regulatory 

compliance levels beyond the near-source exposure zone. From an occupational safety perspective, these findings underscore the 

need for targeted emission control measures, particularly within the worker exposure zone immediately surrounding the flare. 

3.3. Nitrogen oxides 

The downwind variation of NOx concentration at breathing height for both seasonal scenarios, together with the applicable 

regulatory ambient air-quality standard, is presented in Fig. 10. At the elevated plume-core level, predicted NOx concentrations 

remained well below the applicable flare emission standard of 709 mg/m³ in both seasons summer: 76 mg/m³ (89.3% below limit); 

winter: 63 mg/m³ (91.1% below limit) attributable to the high-temperature combustion conditions (900-1200 K) that promote 

effective plume buoyancy and vertical transport [10, 14]. 

At breathing height (2 m), simulated NOx concentrations of 16 mg/m³ in summer and 13 mg/m³ in winter were substantially 

above the regulatory ambient air-quality standard of 0.10 mg/m³ (Table 5). It should be emphasized that this comparison involves a 

near-source occupational exposure zone rather than regional ambient air-quality conditions: the simulated values correspond to near-

source concentrations in the immediate vicinity of the flare stack, whereas the regulatory ambient standard represents a spatially 

and temporally averaged criterion. The exceedance values exceeding the ambient standard by more than 100-fold are therefore used 

here as conservative screening indicators of potential near-field occupational exposure rather than as direct compliance assessments 

[30, 39]. 

 
(a) 
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(b) 

Fig. 9. Simulated 𝐍𝐎𝐱 concentration contours under: (a) unstable summer conditions; and (b) stable winter conditions. The contour 

maps highlight the influence of atmospheric stability on near-field plume transport and localized concentration accumulation. 
 

 
Fig. 10. The changes in 𝐍𝐎𝐱 concentration at a height of 2 m above ground level (height of breathing) for both winter and summer 

days, and the standard concentration for clean air is permitted. 

Although unstable summer conditions enhanced overall vertical plume transport, the peak near-source NOx concentration at 

breathing height was slightly higher in summer (16 mg/m³) than in winter (13 mg/m³). This pattern is consistent with the near-wake 

recirculation mechanism described for CO in Section 3.2: source momentum and near-source recirculation controlled the local 

maximum in the immediate worker exposure zone, independent of the broader seasonal dilution regime. The spatial distribution of 

NOx and the resulting near-field concentration hotspots under both seasonal conditions are illustrated in Fig. 9. 

3.4. Sulfur dioxide 

Fig. 11 presents the downwind variation of SO2 concentrations at breathing height for both seasonal scenarios, alongside the 

applicable primary and secondary regulatory ambient air-quality standards and the flare emission standard. Peak SO2 concentrations 

at breathing height were 0.38 mg/m³ in summer and 0.37 mg/m³ in winter, exceeding the primary ambient air-quality standard (0.08 

mg/m³) by 375% and 362.5%, respectively, while remaining below the secondary ambient standard (1.30 mg/m³) and well below 

the flare emission limit at the elevated plume-core level, SO2 concentrations of 1.85 mg/m³ were 99.92% below the applicable flare 

emission standard in both seasons (Table 5). 

 
Fig. 11. The change in 𝐒𝐎𝟐 concentration at a height of 2 m above ground level (height of breathing) for both winter and summer 

days, and authorized concentrations of primary and secondary standards for clean air. 
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Exceedance of the primary SO2 standard designed to protect sensitive populations, including children, the elderly, and individuals 

with pre-existing respiratory conditions, at breathing height in the near-field zone represents a significant occupational health 

concern. While the secondary standard, intended to protect public welfare, including visibility, crops, and ecosystems, was not 

exceeded, the persistent exceedance of the primary standard reinforces the need for targeted emission control for sulfur-containing 

flare gas streams. 

SO2 exhibited notably similar near-ground concentrations between summer (0.38 mg/m³) and winter (0.37 mg/m³) scenarios, 

suggesting a lower sensitivity of SO2 near-surface dispersion to the seasonal atmospheric stability variations considered in this study. 

SO2 behavior followed a broadly similar spatial pattern to NOx but at substantially lower absolute concentrations, consistent with 

the lower SO2 emission rates applied in the simulations (0.039-0.047 g/s versus 0.86-1.66 g/s for NOx). 

3.5. Sensitivity analysis: seasonal atmospheric stability as a surrogate for meteorological variability 

In response to the reviewer's request for a sensitivity analysis with respect to wind speed, this study employed two seasonally 

contrasting atmospheric scenarios as physically realistic bounding cases: the unstable summer scenario (𝑢∗ = 0.186 m/s, 𝐿 = −1148 

m) and the stable winter scenario (𝑢∗ = 0.169 m/s, 𝐿 = +364 m). Wind speed and atmospheric stability were not independently 

varied in the present study in order to preserve physically consistent seasonal boundary-layer conditions derived from Monin-

Obukhov similarity theory [4, 41]; independent parametric variation of wind speed while holding stability class constant would 

require boundary conditions inconsistent with the observed seasonal meteorology of the study region. 

The results demonstrate that the transition from stable to unstable stratification produced a fundamentally different plume 

morphology, vertical uplift, and elevated-level dispersion in summer versus near-ground horizontal trapping and recirculation in 

winter, as illustrated in Figs. 5 and 6. Despite the stronger overall dilution associated with summer instability, near-source 

recirculation effects produced higher peak breathing-zone concentrations of CO and NOx in summer than in winter, highlighting the 

complexity of near-field exposure dynamics around low-capacity flares and the importance of source exit conditions in governing 

worker-zone exposure intensity. The two scenarios together bound the range of near-field dispersion outcomes expected across 

Iran's southwestern oil-producing regions throughout the annual meteorological cycle. A dedicated parametric wind-speed 

sensitivity study, holding the stability class constant, is identified as a priority for future investigation [41]. 

These results further suggest that any climate-driven shift in boundary-layer stability could alter the spatial footprint of flare-

related pollutant exposure; however, this hypothesis requires dedicated climate-dispersion coupling in future studies to be rigorously 

evaluated [27, 33]. 

3.6. Mechanistic interpretation, benchmarking against prior dispersion studies, and practical implications 

The present findings are consistent with prior dispersion studies of gas flaring environments and provide additional mechanistic 

resolution of near-field exposure dynamics. Classical advection-diffusion theory predicts that unstable atmospheric conditions 

enhance vertical turbulent exchange, whereas stable stratification suppresses vertical mixing and promotes near-surface 

accumulation [1, 37]. The seasonal contrast resolved in the present simulations follows this expected physical behavior, as captured 

in the concentration contours of Figs. 7 to 9. 

The simulated recirculation zone extending approximately 50-400 m downwind under stable winter conditions indicates that 

local aerodynamic effects can govern worker-zone exposure independently of emission magnitude alone. Turbulent recirculation of 

this type has been widely recognized as a controlling mechanism in industrial plume transport because low-velocity vortical regions 

reduce plume ventilation and prolong pollutant residence time near the surface [38]. In the present simulations, this mechanism 

explains why substantial near-ground concentrations persisted despite relatively low flare emission rates. 

The present CFD results also clarify several limitations of Gaussian and mesoscale dispersion approaches when applied to near-

field flare environments. Mirrezaei [30], using the CALPUFF framework to model SO2 dispersion from gas flares on Sirri Island, 

reported that lower flare heights resulted in elevated ground-level concentrations. The present simulations support that conclusion 

while extending it mechanistically by explicitly resolving plume attachment, wake recirculation, and breathing-zone concentration 

gradients, as well as near-field flow structures that Gaussian formulations cannot reproduce because their underlying 

parameterizations do not resolve localized vortex formation or stack-induced recirculation [30, 41]. Similarly, regional assessments 

based on satellite observations and combustion equations have advanced understanding of flare emission burdens across Iranian oil-

producing regions [9, 16], but do not resolve the spatial distribution of pollutant concentrations within the worker exposure zone. 

The present Eulerian CFD framework, therefore, provides complementary information by identifying where pollutant accumulation 

occurs and which atmospheric mechanisms govern the intensity of localized exposure. 

The exceedance analysis presented in Table 5 further differentiates between source-level emission control and near-field 

occupational exposure. CO exceeded both the ambient air-quality criterion and the flare emission standard, indicating relevance as 

both a source-performance indicator and a direct occupational exposure concern. SO2 exceeded the primary ambient criterion at 

breathing height while remaining below the secondary ambient and flare emission standards, suggesting that its principal risk in this 

context is localized respiratory exposure rather than regional environmental degradation. The NOx comparison at breathing height 

is most appropriately interpreted as a conservative occupational screening indicator, given that the simulated values correspond to 

near-source instantaneous concentrations rather than the spatially and temporally averaged conditions represented by regulatory 

ambient standards. 
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The seasonal dependence of the simulated concentration fields also has implications for climate-sensitive air-quality assessment. 

Previous studies have demonstrated that climate-driven changes in atmospheric stability, mixing depth, and boundary-layer structure 

can alter pollutant transport pathways [27, 33, 34, 40]. The present simulations do not constitute a climate projection; however, they 

demonstrate that changes in atmospheric stability alone can substantially alter the geometry of flare-related worker exposure. 

Increased instability enhances plume rise and vertical dilution, whereas stable inversion conditions intensify near-ground trapping 

and expand the horizontal footprint of the worker exposure zone. These findings suggest that future changes in regional boundary-

layer dynamics may influence both the intensity and spatial distribution of flare-related exposure in oil-producing regions. 

From an operational perspective, the results indicate that mitigation strategies should address both emission magnitude and 

plume transport dynamics. Flare gas recovery systems remain among the most effective approaches for reducing pollutant release 

at the source [15, 16]. In addition, the simulated concentration fields indicate that operational controls are necessary to limit 

occupational exposure under unfavorable meteorological conditions. Increasing effective stack height, improving combustion 

efficiency, and restricting worker activity within the downwind recirculation zone during stable atmospheric episodes represent 

practical measures that could substantially reduce near-field exposure intensity. 

Several limitations should be acknowledged. First, the two-dimensional CFD framework captures dominant downwind-vertical 

transport structure but does not resolve crosswind concentration gradients or fully three-dimensional vortex interactions; predicted 

concentrations should therefore be interpreted as representative of the principal plume plane rather than the complete lateral 

exposure field. Second, the validation dataset comprised three downwind measurement locations; although agreement between 

simulated and measured concentrations was strong (R² > 0.97 for all pollutants), the limited number of field observations reduced 

statistical robustness. Third, sensitivity analysis was performed using seasonally representative Monin-Obukhov scenarios rather 

than explicit parametric wind-speed variations. Fourth, steady-state meteorological conditions were assumed, and transient 

concentration peaks associated with turbulent fluctuations or wind direction shifts were not captured. Future investigations should 

incorporate expanded field datasets, three-dimensional transient CFD or LES formulations, and explicit meteorological sensitivity 

analyses to improve characterization of peak occupational exposure conditions. 

4. Conclusions 

This study applied a two-dimensional Eulerian CFD framework with RNG 𝑘-𝜀 turbulence closure to simulate the near-field 

dispersion of CO, NOx, and SO2 from a representative low-capacity gas flare under unstable summer (𝐿 = −1148 m) and stable 

winter (𝐿 = +364 m) atmospheric conditions. The results demonstrate that the atmospheric stability regime, rather than emission 

magnitude alone, is the dominant control on the spatial distribution and intensity of pollutant exposure in the worker zone. Under 

unstable summer conditions, buoyancy-driven vertical uplift transported the plume into elevated atmospheric layers; however, near-

source exit momentum and wake-induced recirculation produced slightly higher peak breathing-zone concentrations of CO and NOx 

in summer than in winter, confirming that source exit conditions govern near-field occupational exposure intensity. Under stable 

winter conditions, suppression of vertical mixing generated a recirculation zone between approximately 50 and 400 m downwind, 

producing a wider near-surface accumulation footprint and the greatest spatial extent of regulatory exceedance. 

Quantitatively, CO concentrations at breathing height exceeded the regulatory ambient standard by 55.0% in summer and 35.0% 

in winter; at the elevated plume-core level, CO exceeded the flare emission standard by 81.3% and 62.5%, respectively. SO2 

exceeded the primary ambient standard by 375% in summer and 362.5% in winter at breathing height, while remaining below the 

secondary ambient and flare emission limits. NOx remained below the flare emission standard at the plume core level in both seasons; 

near-source breathing-zone concentrations substantially exceeded the ambient criterion, though this should be interpreted as a 

conservative occupational screening indicator rather than a direct compliance metric. Model validation against field measurements 

yielded R² values of 0.997, 0.9996, and 0.969 for CO, NOx, and SO2, respectively, confirming the physical realism of the simulated 

concentration fields. 

From an operational perspective, the findings support three targeted recommendations: implementation of flare gas recovery 

systems to reduce source-level emissions; increase of effective stack height to elevate the plume core above the near-surface 

recirculation zone; and meteorology-aware management of worker activity within the 50-400 m downwind zone, with particular 

caution during stable winter episodes. The seasonal dispersion contrast identified here, vertical uplift in summer versus near-ground 

horizontal trapping in winter, is physically consistent with projected changes in regional boundary-layer stability, suggesting that 

shifts in atmospheric stability under continued warming may alter both the intensity and spatial footprint of flare-related 

occupational exposure. Three-dimensional transient CFD simulations, expanded field measurement campaigns, and dedicated 

climate-dispersion coupling are identified as priorities for future investigation. 
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Clay liners are widely used in landfill systems to prevent the migration of contaminants 

into the surrounding soil and groundwater by providing low permeability and adequate 

mechanical stability. Various stabilizing agents have been investigated to enhance the 

engineering performance of these clayey soils, particularly materials that are economical, 

readily available, and capable of participating in pozzolanic reactions. Limited attention 

has been given to the application of silica fume, a highly fine amorphous silica produced 

as a by-product of silicon or ferrosilicon alloy manufacturing, in clay liner systems. In this 

study, the influence of silica fume contents of 5%, 10%, and 15% (by dry weight of soil) on 

the behavior of high-plasticity clay was evaluated through standard compaction, 

unconfined compressive strength, free swell, and permeability tests. The experimental 

results showed that increasing silica fume content decreased maximum dry density, 

permeability, swelling percentage, and swelling pressure, while increasing optimum 

moisture content and unconfined compressive strength. The specimen containing 15% 

silica fume exhibited more than a 50% reduction in permeability and achieved compressive 

strength values exceeding the minimum recommended for clay liner materials. In 

addition, swelling pressure decreased by more than 30% at this dosage. Microstructural 

observations obtained from scanning electron microscopy confirmed the development of 

a denser and more compact soil matrix following silica fume treatment. 
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1. Introduction 

In many cases, the soils at sites considered for landfill development do not possess the required engineering properties. Because 

the primary objective of landfill design is to isolate waste from the surrounding environment and groundwater [1], the engineering 

characteristics of the on-site soil are critically important. Ideally, the soil should have very low permeability, high pollutant 

adsorption capacity, adequate flexibility to accommodate moisture variations, minimal settlement, and sufficient strength to 

withstand imposed loads [2]. Clay soils are commonly used as liners and base layers in landfills because of their low permeability. 

When the clay available at a site does not possess the required properties for use as a liner, and the cost of transporting large volumes 

of suitable soil is high, a cost-effective alternative is to chemically stabilize the existing soil using appropriate additives [3]. Today, 

in order to reduce environmental pollution and the consumption of energy and natural resources, there is growing interest in 

environmentally friendly methods for soil improvement [4-7], including the use of industrial by-products such as silica fume in 

chemical soil stabilization [8, 9]. 

According to ACI 116R [10], silica fume is an extremely fine, amorphous silica produced in electric arc furnaces and is a by-
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product of the silicon metal and ferrosilicon alloy industries. During the production of 1 ton of ferrosilicon, approximately 200-400 

kg of silica fume is generated as a by-product [11]. The silica fume production process is illustrated in Fig. 1. 

The amorphous structure and high specific surface area of silica fume particles enhance its reactivity. The use of silica fume as 

a supplementary or alternative material to Portland cement in concrete production has increased significantly [12]. In recent years, 

considerable research has focused on the application of silica fume for soil improvement and stabilization. Kalkan [13] demonstrated 

that the addition of silica fume significantly reduces shrinkage cracks in clay soils, and similar findings were reported by A. Al-

Azzawi et al. [14]. Moradi et al. [15] studied marl soil-lime mixtures and found that adding silica fume increased the plastic limit, 

reduced the plasticity index, enhanced soil strength, and improved bearing capacity. Mostafa et al. [16] also observed that combining 

lime and silica fume increased the compressive strength, CBR, cohesion, and internal friction angle of the soil while reducing its 

free swelling. Goodarzi et al. [17] reported that partially replacing Portland cement with silica fume decreased the soil’s swelling 

potential, increased its strength, and accelerated the stabilization process. taghdisi et al. [18] documented similar effects on 

enhancing soil hardness and strength. Studies by Badv and Emdadi [19] on silty clay soil further confirmed that increasing the silica 

fume content improves cohesion and strength while reducing soil permeability. In another study, a 50% reduction in collapse 

potential and a 348% increase in unconfined compressive strength were observed in collapsible soil after the addition of 5% silica 

fume [20].Türköz et al. [21] indicated that the incorporation of silica fume can enhance the dynamic behavior of clay soils by 

increasing the initial shear modulus under different effective confining pressures. The positive effect of silica fume on reducing the 

swelling and swelling pressure of expansive soil was observed by Al-Gharbawi et al. [22]. Waleed and Alshawmar [9] found that 

the addition of silica fume at an optimum content of 9% improved the shear strength parameters of fine-grained soil, increasing the 

internal friction angle from 23.8° to 24.51° and cohesion from 15.89 kPa to 23.80 kPa. 

Despite numerous studies on the stabilization of clay soils using silica fume, most previous research has mainly focused on 

general geotechnical applications such as subgrade improvement or soil stabilization for construction purposes. Limited attention 

has been given to the application of silica fume in clay liner systems used in landfills, where both low permeability and sufficient 

mechanical strength are required.  In addition, the geotechnical behavior of the clayey soils located near the landfill in Varamin city 

(southeast of Tehran province, Iran) has not been previously investigated. Therefore, this study examines the influence of silica 

fume on the engineering behavior and microstructure of this local clay soil. Different percentages of silica fume were incorporated 

into the soil, and its compaction characteristics, strength, swelling potential, and hydraulic properties were evaluated. Furthermore, 

scanning electron microscopy (SEM) was used to investigate the microstructural changes associated with silica fume addition. The 

findings contribute to a better understanding of the mechanisms governing the performance of silica fume-stabilized clay liners and 

their potential use as sustainable landfill barrier materials. 

 
Fig. 1. Schematic of silica fume production process. 

2. Materials and methods 

The soil investigated in this study was collected from an area in Varamin city, located in the southeast of Tehran province. 

Bentonite is widely used as an additive to improve on-site soils that do not satisfy the hydraulic conductivity requirements for liner 

materials [1, 23, 24]. The required bentonite content depends on the type and gradation of the host soil and typically ranges from 

10% to 30% by weight [25-27]. Since no standard engineering guideline has yet been established for determining the optimum 

bentonite content based on soil type, a bentonite content of 20% was selected in this study as a representative value within the 

commonly reported range for liner materials. The local soil was mixed with 20% bentonite supplied by Semnan Negin Powder 

Company. Hereafter, the term soil in this article refers to this prepared mixture. To determine the engineering properties of the 

studied soil, basic soil mechanics tests were conducted in accordance with ASTM standards. The geotechnical properties of the 

local soil and the local soil mixed with 20% bentonite are presented in Table 1.  The grain size distribution curve of the soil (Local 

Soil+20% Bentonite), determined based on ASTM D422 [28], is presented in Fig. 2. According to the Unified Soil Classification 

System (USCS) [29], this soil is classified as high-plasticity clay (CH). The chemical compositions of the soils obtained from the 

X-ray fluorescence (XRF) analysis are presented in Table 2. Silica fume produced by Iran Ferroalloy Industries Company, in 

compliance with Iranian National Standard No. 13278 [30], was used in this study, and its physical and chemical properties are 

provided in Table 3. Fig. 3 shows the materials used in this study. 
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For soil stabilization, the recommended dosage of silica fume is usually between 5% and 15%, depending on the soil type and 

the targeted engineering properties. For example, Türköz et al. [21] observed the highest shear modulus in a soil mixture containing 

15% silica fume. Experiments conducted by Waleed and Alshawmar [9] showed that the optimal amount of silica fume to increase 

soil strength was 9%. Accordingly, in this study, silica fume contents ranging from 0% to 15% were investigated. To prepare the 

specimens, silica fume was added to the soil at contents of 5%, 10%, and 15% by dry weight of the soil. After adding water at the 

target moisture content, the mixture was manually blended until a homogeneous specimen was obtained. 

Table 1. Geotechnical properties of soils. 

Standard Local soil Local soil + 20% bentonite Standard 

Liquid limit, % 37 52 ASTM D4318 [31] 

Plastic limit, % 22 28 ASTM D4318 [31] 

Plasticity index, % 15 24 ASTM D4318 [31] 

Specific gravity (Gs) 2.69 2.67 ASTM D854 [32] 

Maximum dry density, kN/m3 14.8 14.2 ASTM D698 [33] 

Optimum moisture content, % 18.2 20.1 ASTM D698 [33] 

Unconfined compressive strength, kPa 76.1 86.5 ASTM D2166 [34] 

Permeability, cm/s 1.03×10-6 3.1×10-7 ASTM D5084 [35] 

Swelling pressure, kPa 91 120 ASTM D4546 [36] 

 

 
Fig. 2. Grain-size distribution curve of the soil (local soil+20% bentonite). 

 

Table 2. Chemical compositions of the soils. 

Compound Local soil Bentonite 

SiO2 57.9 60.05 

Al2O3 16.1 15.48 

Fe2O3 5.24 4.1 

CaO 7.08 3.25 

MgO 2.74 2.2 

SO3 1.03 0.41 

K2O 1.35 1.78 

Na2O 1.68 2.84 

Other 3.6 5.83 

Loss on ignition 3.28 4.06 

 

Table 3. Physical and chemical properties of silica fume. 

Chemical properties Value Physical properties Value 

90-95 SiO2 (%) Color Grey 

0.8-3 C (%) Diameter (m) 1m 

Loss on ignition (%) 1.5-2.5 
Specific gravity 2.2 

Surface area (m2/g) 15-30 
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Fig. 3. Materials used and experimental program in this study. 

To determine the compaction characteristics of the specimens, including the maximum dry density (MDD) and optimum 

moisture content (OMC), the Standard Proctor compaction test was conducted. After the addition of silica fume, the soil mixture 

was stored in a plastic container for 24 hours to allow chemical reactions to take place. The compaction test was then performed on 

the treated soil. According to ASTM D698 [33], the Standard Proctor test involved compacting the soil in three layers, with 25 

blows per layer, corresponding to a compaction energy of 600 kN·m/m³. The compaction was carried out in a mold with a diameter 

of 101.6 mm using a hammer weighing 24.4 N, dropped from a height of 305 mm. 

To perform the unconfined compressive strength (UCS) test in accordance with ASTM D2166 [34], soil and silica fume were 

mixed at the optimum moisture content, and the specimens were compacted to 100% of the maximum dry density in a mold with a 

diameter of 38 mm and a height of 76 mm. After removal from the mold, the cylindrical specimens were wrapped in a layer of 

plastic film, placed in plastic bags, and stored at 23 ± 1.7 °C for 7 days (Fig. 3). Following the curing period, the specimens were 

subjected to axial loading using a uniaxial testing machine. 

To evaluate the swelling characteristics of both untreated and stabilized soils, the free swell test was conducted on the specimens 

in accordance with ASTM D4546 [36]. Initially, a surcharge pressure was applied to the specimen to achieve the desired void ratio. 

The surcharge was then removed, and the specimen was inundated to allow free swelling. After the specimen attained full swell, it 

was reloaded to its initial height, and the swelling pressure was determined accordingly. 

Permeability is the ability of water to flow through saturated soil and is commonly measured for fine-grained soils using the 

falling-head permeability test. In this test, the soil specimen is placed inside a permeameter, and water is allowed to flow through 

it. The initial hydraulic head difference at time 𝑡 = 𝑡1 is recorded as ℎ1, and as water flows through the soil, the hydraulic head 

difference at time 𝑡 = 𝑡2 is recorded as ℎ2. The coefficient of permeability, 𝑘, is calculated using Eq. 1:  

𝑘 = 2.303
𝑎 .𝐿

𝐴 .∆𝑡
𝑙𝑜𝑔

ℎ1

ℎ2
  (1) 

where ℎ is the hydraulic head difference (cm) at time 𝑡, A is the cross-sectional area of the soil specimen (cm²), a is the cross-

sectional area of the standpipe (cm²), and 𝐿 is the length of the soil specimen (cm). The permeability of the specimens was 

determined using the falling-head permeability test in accordance with ASTM D5084 [35]. 

To investigate the mechanism of the additive’s effect on the soil, scanning electron microscopy (SEM) analysis was conducted 

using a VEGA\\TESCAN-LMU microscope at 10000x magnification at the Razi Metallurgical Research Center. The selected 

specimens for SEM analysis were untreated soil and soil treated with 15% silica fume. After curing the stabilized specimen, a small 

portion was extracted for analysis to examine the pores and evaluate the effect of silica fume on the soil structure. The samples were 

then analyzed using the scanning electron microscope. The experimental tests conducted in this study are presented in Fig. 3. 

3. Results and discussion 

Fig. 4 presents the compaction curves for the untreated soil and specimens stabilized with varying percentages of silica fume. 

For each mix design, five specimens were tested, and the compaction curves were generated based on the measured moisture content 

and dry density of each specimen. As observed, the addition of silica fume to the soil reduces the MDD while increasing the OMC 

of the specimens. Specifically, incorporating 15% silica fume decreases the MDD from 14.2 to 13.7 kN/m³ and increases the OMC 

from 20.1% to 21.7% (Table 4). The reduction in MDD for the silica fume-containing specimens can be attributed to the replacement 

of soil particles with a higher specific gravity (Gs) by silica fume with a lower density. The increase in OMC is likely due to the 

presence of silica fume, which increases the specific surface area of the soil, thereby requiring more water for proper compaction of 

the clayey soil. A similar trend in the variation of compaction parameters with the addition of silica fume to different soils has been 

reported by Badv and Emdadi [19] and Fattah et al. [37]. 
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Fig. 4. Compaction curves of the specimens. 

 

Table 4. Changes in the geotechnical properties of the samples. 

Properties Local soil 
Local soil +  

20% bentonite 

Soil +  

5% silica fume 

Soil + 10%  

silica fume 

Soil + 15%  

silica fume 

MDD, kN/m3 14.8 14.2 14.1 13.9 13.7 

OMC, % 18.2 20.1 20.2 20.8 21.7 

UCS, kPa 76.1 86.5 97.5 112.9 121.9 

Permeability, cm/s 1.03×10-6 3.1×10-7 2.7×10-7 1.9×10-7 1.4×10-7 

Swelling pressure, kPa 91 120 — — 80 

The UCS of the soil was 86.5 kPa, indicating its low strength and limited bearing capacity. As shown in Fig. 5, the addition of 

silica fume significantly increased the compressive strength. Specifically, specimens containing 5%, 10%, and 15% silica fume 

exhibited strength increases of approximately 13%, 30%, and 40%, reaching 97.5, 112.9, and 121.9 kPa, respectively. The observed 

trend suggests that further increases in silica fume content would result in diminishing gains in strength. In the chemical stabilization 

of clayey soils, the chemical compositions of both the soil and the additive play a crucial role. The soil used in this study contains 

calcium oxide, which reacts with water molecules to produce Ca2+ ions and hydroxyl ions. The active silica present in silica fume 

reacts with calcium hydroxide to form Calcium Silicate Hydrate (C-S-H) gels. As these gels fill the pore spaces within the soil 

matrix, a denser structure is formed. Consequently, the soil becomes stiffer, and its strength increases. Other studies have also 

reported the production of cement products in the presence of silica fume [20, 38, 39].  Another contributing mechanism is the 

reduction in particle spacing caused by the presence of silica fume, which further increases interparticle friction. The UK 

Environment Agency [40] stated that a clay liner material should have a minimum remolded undrained shear strength greater than 

50 kPa (equivalent to an unconfined compressive strength of 100 kPa). The results of the present study showed that the soils 

stabilized with 10% and 15% silica fume exhibited strength values higher than this recommended criterion. As seen in the stress-

strain curves in Fig. 5, the behavior of the specimens becomes more brittle with increasing silica fume content, and the maximum 

stress is achieved at lower strains. The strain at peak stress for the untreated soil and soils stabilized with 5%, 10%, and 15% silica 

fume were 0.043, 0.039, 0.032, and 0.029, respectively. The more brittle behavior observed in the silica fume-treated samples can 

be attributed to the fact that when the initial soil porosity is high, strength increases due to cementation; however, with increasing 

stress, the sudden breakdown of these cementitious products leads to a rapid reduction in strength [41]. 

 
Fig. 5. Stress-strain curves obtained from the UCS test − untreated soil and soil with 15% silica fume, shown after failure. 
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Fig. 5 also shows that, after loading, the untreated soil and the soil containing 15% silica fume exhibit different failure patterns. 

The brittle behavior of the silica fume-stabilized specimen results in sudden failure at higher strength, with fewer cracks compared 

to the untreated soil. Therefore, besides enhancing strength, the incorporation of silica fume is expected to decrease soil permeability 

by restricting crack development. 

The free swell and swelling pressure of the untreated soil and the soil stabilized with 15% silica fume are presented in Fig. 6. 

The addition of 15% silica fume reduced the swelling percentage from 10.35% to 5.64%, representing a 45% reduction in swelling. 

The swelling pressure of the untreated soil was measured as 120 kPa, while the soil stabilized with 15% silica fume exhibited a 33% 

reduction in swelling pressure, decreasing to 80 kPa. The improvement in the swelling behavior of soils due to the addition of silica 

fume has also been confirmed by other researchers [20, 22, 42]. The formation of bonds between soil particles, as previously 

discussed, restricts the volumetric expansion of the soil and consequently reduces swelling. Moreover, changes in soil fabric and 

particle size distribution due to the addition of silica fume reduce the plasticity index of the soil. The reduction in soil plasticity 

decreases water absorption capacity, which in turn leads to a reduction in percent swell. Several researchers have reported that 

plasticity is a reliable indicator of the swelling behavior of soils [43]. 

 
(a) 

 
(b) 

Fig. 6. Effect of silica fume on: (a) swelling percentage; and (b) swelling pressure of the soil. 

The permeability of the specimens with varying silica fume contents, measured using the falling-head test, is presented in Fig. 

7. Permeability decreased with increasing silica fume content. Specifically, the addition of 15% silica fume reduced soil permeability 

by 55%, lowering it from 3.1 × 10⁻⁷ to 1.4 × 10⁻⁷ cm/s. Permeability is one of the most critical parameters in the design of landfill 

liner systems. According to commonly accepted environmental regulations and design guidelines, the permeability of compacted 

clay liners is generally required to be equal to or lower than 10−7 cm/s to effectively control contaminant migration [44, 45]. The 

results of the present study showed that increasing silica fume content significantly reduced the permeability of the clay liner 

specimens. This reduction in permeability can be attributed to the filler effect of silica fume and the formation of bonds between 

soil particles. These findings indicate that silica fume can be considered a suitable additive  for improving the sealing efficiency and 

long-term performance of clay liner systems. 

Fig. 8 presents SEM micrographs of the untreated soil and the soil stabilized with 15% silica fume. As shown, the untreated soil 

exhibits numerous pores and voids, whereas the silica fume-stabilized soil displays a denser structure. The clay particles and plates 

are coated with a layer of silica fume. Comparison of the two images indicates a significant reduction in pore size in the stabilized 

soil. Specifically, the pore size decreased from approximately 10 µm in the untreated soil to less than 2 µm in the soil containing 

silica fume. This behavior can also be attributed to pozzolanic reactions between the reactive silica in silica fume and calcium 

compounds present in the soil, leading to the formation of cementitious calcium silicate hydrate (C-S-H) products. The generated 

gels filled the voids between soil particles and enhanced interparticle bonding, resulting in a more compact and integrated structure. 
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The reduction in pore size and pore connectivity contributed directly to the decrease in hydraulic conductivity observed in the treated 

specimens. In addition, the improved bonding and cementation between particles increased soil stiffness and load-bearing capacity, 

which explains the enhancement in unconfined compressive strength. Therefore, the microstructural observations are consistent 

with the macroscopic improvements in both hydraulic and mechanical behavior of the silica-fume-treated soil. The microstructural 

changes observed in this study are in agreement with the results reported by Waleed and Alshawmar [9] and Tiwari et al. [42]. 

 
Fig. 7. Permeability variation of specimens with increasing silica fume content. 

 

 
Fig. 8. SEM micrographs of: (a) soil; and (b) soil stabilized with 15% silica fume. 

4. Conclusions 

This study investigated the effectiveness of silica fume as an environmentally friendly stabilizing additive for improving the 

geotechnical and microstructural properties of a high-plasticity clay soil intended for landfill liner applications. Based on the 

experimental results, the following conclusions can be drawn: 

• The addition of silica fume led to a reduction in maximum dry density and an increase in optimum moisture content, 

primarily due to the lower specific gravity and high specific surface area of silica fume particles. 

• Unconfined compressive strength increased significantly with increasing silica fume content.  The maximum improvement 

was observed at 15% silica fume, where the strength reached 121.9 kPa, representing an approximately 40% increase 

compared to the untreated soil and satisfying the minimum strength requirement for landfill liners based on relevant 

standards. However, the rate of strength gain decreased at higher silica fume contents, indicating diminishing returns. The 

incorporation of silica fume altered the stress-strain behavior of the soil, making it more brittle and causing peak strength 

to occur at lower strain levels. 

• Swelling characteristics were substantially improved by silica fume stabilization. The free swell percentage and swelling 

pressure decreased by 45% and 33%, respectively, with the addition of 15% silica fume, mainly due to reduced plasticity 

and restricted volumetric expansion. 
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• Permeability decreased markedly with increasing silica fume content. A reduction of approximately 55% was achieved at 

15% silica fume, which is attributed to the filler effect and the formation of interparticle bonds. The permeability of the 

sample containing 15% silica fume was approximately close to the value recommended for clay liner systems (10−7 cm/s). 

Further reduction in permeability may require the use of higher amounts of bentonite or silica fume, while considering the 

corresponding strength and swelling parameters.  The optimum additive contents should be selected by considering both 

geotechnical performance and practical or economic limitations. 

• SEM observations confirmed the densification of the soil structure after stabilization, showing a significant reduction in 

pore size and a more compact fabric caused by silica fume coating and bonding of clay particles, which is attributed to the 

formation of C-S-H gels resulting from the reaction between active silica in silica fume and calcium compounds in the soil. 
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High-precision stress analysis of structures under external loading represents a challenge 

in civil engineering. Although meshless numerical methods show great potential for 

solving such problems, their early versions often failed to provide acceptable accuracy. A 

conventional approach to addressing this is the use of a mixed formulation, which 

transforms second-order governing differential equations into a system of first-order 

equations. In this approach, both displacements and structural stresses are treated as 

unknowns. In contrast, in the original second-order formulation, only displacements are 

unknowns, and stresses are typically derived indirectly from displacement fields, often 

resulting in low accuracy. This research compares the numerical performance of an 

improved MPS gradient model by Shobeyri (2023), a well-known meshless method, for 

stress calculation via second-order equations with a mixed formulation coupled with a 

least-squares method. The comparison is conducted on two benchmark elasticity 

problems. The numerical findings reveal that the improved MPS method provides 

superior stress accuracy. These results suggest that solving the original second-order 

differential equations, followed by high-precision stress computation, offers a more 

effective alternative to the mixed formulation approach. 
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1. Introduction 

In recent years, numerical methods have emerged as a significant tool for solving complex and practical differential equations 

within engineering fields. Broadly speaking, these methods are categorized into two main groups: mesh-based and meshless 

methods. Mesh-based methods, which possess a longer historical background, involve the discretization of the computational 

domain and the approximation of functions and their derivatives through meshing. However, since meshing is generally a 

computationally expensive and time-consuming process, meshless methods have been developed. These methods enable the solution 

of differential equations without the need for any underlying mesh, a characteristic that has led to their widespread adoption and 

significant development. 

Although mesh-based numerical methods are still widely used [1-8], efficient meshless numerical methods have also been 

developed to solve various engineering problems. Among these methods, the Moving Particle Semi-implicit (MPS) method has 

gained significant attention, leading to the introduction of various modified versions. In this approach, functions and their derivatives 

are approximated via interpolation functions based on a series of scattered nodes used for domain discretization. This characteristic 

facilitates the analysis of problems involving complex geometries. 

Various problems in solid and fluid mechanics - such as free surface flows [9-11], convective heat transfer [12], multiphase 

flows [13], fluid-structure interaction [14], the behavior of a molten jet impinging onto a solid plate [15], progressive water waves 

CE     S
Civil Engineering
and Applied Solutions

https://creativecommons.org/licenses/by/4.0/deed.en
https://creativecommons.org/licenses/by/4.0/
https://ceas.journals.umz.ac.ir/
https://orcid.org/0000-0001-7018-3031


Shobeyri Civil Engineering and Applied Solutions, 2027; 3(2): 26–36 
 

27 

[16], dynamic pressure in dam-break flows [17], two-dimensional hydroelastic slamming [18], fluid lubrication [19], floating 

structures in waves [20], solid particle dynamics [21], and dense granular flows [22] - have been successfully simulated using the 

MPS method and its variants. Given the method's inherent capabilities, several techniques have been developed to enhance its 

performance, most notably those presented in [23-29]. Furthermore, due to the significance of elasticity problems in civil 

engineering, various meshless numerical methods, such as the Finite Point Method [30], MLPG [31], DLSM [32, 33], and SPH [34] 

have been employed in numerous studies to analyze such phenomena. 

In elasticity problems, once the second-order differential equations - treating structural displacements as unknowns - are solved, 

the corresponding stresses are typically calculated using numerical methods based on the related formulas. Numerical studies have 

shown that this approach may lead to reduced accuracy in stress calculation. As an efficient alternative, the second-order differential 

equations of elasticity can be reformulated as a system of first-order equations that include both structural displacements and 

stresses; this is known as the mixed formulation [35]. The primary advantage of this formulation is the direct treatment of stresses 

as unknowns, which yields higher accuracy. However, a larger coefficient matrix is produced due to the increased number of 

unknowns, leading to a significant increase in computational cost. Despite this, due to its acceptable performance, the mixed 

formulation has also been applied to various other problems, such as quadratic partial differential equations and free surface 

problems [36, 37]. 

This study evaluates the numerical accuracy of a modified MPS gradient model [38] in computing structural stresses via second-

order differential equations, comparing it with a mixed formulation coupled with a least-squares method. The investigation is 

conducted using two benchmark elasticity problems. The results demonstrate that the indirect stress calculation approach, utilizing 

high-precision numerical methods such as the proposed MPS model, yields superior accuracy compared to the direct stress 

computation employed in the mixed formulation. 

2. The governing equations of elasticity problems 

The governing equations for two-dimensional elasticity problems are expressed by Eqs. 1 and 2 [39]. 

(𝜆 + 2𝜇)
𝜕2𝑢𝑥

𝜕𝑥2 + 𝜇
𝜕2𝑢𝑥

𝜕𝑦2 + (𝜆 + 𝜇)
𝜕2𝑢𝑦

𝜕𝑥𝜕𝑦
= − 𝑓𝑟𝑥   (1) 

𝜇
𝜕2𝑢𝑦

𝜕𝑥2 + (𝜆 + 2𝜇)
𝜕2𝑢𝑦

𝜕𝑦2 + (𝜆 + 𝜇)
𝜕2𝑢𝑥

𝜕𝑥𝜕𝑦
= − 𝑓𝑟𝑦  (2) 

where 𝑢𝑥 and 𝑢𝑦 represent the horizontal and vertical displacements, respectively, and 𝑓𝑟𝑥  and 𝑓𝑟𝑦  denote the external forces in the 

𝑥 and 𝑦 directions. 𝜕2 is also the second-order partial derivative operator. The Lamé constants, 𝜆 and 𝜇, are defined by Eq. 3. 

𝜇=
𝐸

2(1+𝜈)
> 0,   𝜆 =

𝐸𝜈

(1−2𝜈)(1+𝜈)
> 0  (3) 

where 𝜈 is the Poisson's ratio and 𝐸 is the Young's modulus. 

In the mixed formulation, a system of first-order equations comprising displacements and stresses (Eqs. 4a to 4e) is employed 

as an alternative to the second-order differential Eqs. 1 and 2 [35]. 

𝜕𝜎𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑥𝑦

𝜕𝑦
= −𝑓𝑟𝑥  (4a) 

𝜕𝜏𝑥𝑦

𝜕𝑥
+

𝜕𝜎𝑦𝑦

𝜕𝑦
= −𝑓𝑟𝑦   (4b) 

𝜎𝑥𝑥 = (𝜆 + 2𝜇)
𝜕𝑢𝑥

𝜕𝑥
+ 𝜆

𝜕𝑢𝑦

𝜕𝑦
  (4c) 

𝜎𝑦𝑦 = 𝜆
𝜕𝑢𝑥

𝜕𝑥
+ (𝜆 + 2𝜇)

𝜕𝑢𝑦

𝜕𝑦
  (4d) 

𝜏𝑥𝑦 = 𝜇(
𝜕𝑢𝑥

𝜕𝑦
+

𝜕𝑢𝑦

𝜕𝑥
)  (4e) 

where 𝜎𝑥𝑥 and 𝜎𝑦𝑦 denote the normal stresses and 𝜏𝑥𝑦 represents the shear (tangential) stress. The compact form of these equations 

is given by Eq. 5. 

𝐿(𝜑) + 𝐹 = 0  (5) 

where 𝐿(. ) is a first-order differential operator, defined by Eq. 6. 

𝐿(. ) = 𝐿1(. )𝑥 + 𝐿2(. )𝑦 + 𝐿3(. )  (6) 

The vector of unknowns, 𝜑, is given by Eq. 7. 

𝜑 = [𝑢𝑥, 𝑢𝑦, 𝜎𝑥𝑥 , 𝜎𝑦𝑦 , 𝜏𝑥𝑦]
𝑇
  (7) 
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The vector 𝐹 is similarly defined by Eq. 8. 

𝐹 = [0,0,0,-𝑓𝑟𝑥 ,-𝑓𝑟𝑦]
𝑇
    (8) 

The operators 𝐿1(. )𝑥, 𝐿2(. )𝑦 and 𝐿3(. ) can be expressed by Eq. 9. 

𝐿1 =

[
 
 
 
 
𝜆 + 2𝜇 0 0 0 0

𝜆 0 0 0 0
0 𝜇 0 0 0
0 0 1 0 0
0 0 0 0 1]

 
 
 
 

,   𝐿2 =

[
 
 
 
 
0 𝜆 0 0 0
0 𝜆 + 2𝜇 0 0 0
𝜇 0 0 0 0
0 0 0 0 1
0 0 0 1 0]

 
 
 
 

,   𝐿3 =

[
 
 
 
 
0 0 −1 0 0
0 0 0 −1 0
0 0 0 0 −1
0 0 0 0 0
0 0 0 0 0 ]

 
 
 
 

  (9) 

3. Numerical methods 

3.1. Improved MPS gradient model 

In the MPS method, the gradient and Laplacian operators of an arbitrary function 𝑓 are approximated in two dimensions using 

a weighted averaging approach [9] as shown in Eqs. 10 and 11. 

𝛻𝑓𝑖 = ∑
2

𝑛𝑗

𝑓𝑗−𝑓𝑖

|𝐫𝑗−𝐫𝑖|
2𝑗≠𝑖 (𝐫𝑗 − 𝐫𝑖)𝑊(|𝐫𝑗 − 𝐫𝑖|, 𝑅𝑠)  (10) 

𝛻2𝑓𝑖 =
4

𝜆
∑

1

𝑛𝑗
𝑗≠𝑖 (𝑓𝑗 − 𝑓𝑖)𝑊(|𝐫𝑗 − 𝐫𝑖|, 𝑅𝑠)  (11) 

where 𝑖 denotes the reference node, while 𝑗 represents its neighboring nodes. Furthermore, 𝑟 and 𝑊(|𝐫𝑗 − 𝐫𝑖|, 𝑅𝑠) or 𝑊(|𝐫𝑗 − 𝐫𝑖|) 

denote the relative position vector and the interpolation function, respectively. The computational parameters 𝑛𝑗 and 𝜆 are defined 

by Eqs. 12 and 13. 

 𝑛𝑖 = ∑ 𝑊(|𝐫𝑗 − 𝐫𝑖|, 𝑅𝑠)𝑗≠𝑖    (12) 

𝜆 =
∫ 𝑊(𝑟) 𝑟2 𝑑𝛺𝛺

∫ 𝑊(𝑟)𝑑𝛺𝛺

  (13) 

where 𝛺 is the interaction area of node 𝑖 and 𝑟 = |𝐫𝑗 − 𝐫𝑖|. 

One of the most efficient interpolation functions is expressed by Eq. 14. 

𝑊(𝑟, 𝑅𝑠) =
8

𝜋𝑅𝑠
2 [

3

4
(

𝑟

𝑅𝑠
)

2

−
3

2
(

𝑟

𝑅𝑠
) +

3

4
]  (14) 

where 𝑅𝑠 denotes the size of the interaction area for the reference node. 

An improved MPS gradient model, characterized by remarkable numerical performance, is proposed in Eq. 15. 

𝛻𝑓𝑖 = [
1

𝜆
∑

1

𝑛𝑗
𝑊(|𝐫𝑗 − 𝐫𝑖|)𝑗≠𝑖 (𝐫𝑗 − 𝐫𝑖) ⊗ (𝐫𝑗 − 𝐫𝑖)

𝑇
]
−1

[
1

𝜆
∑

1

𝑛𝑗
𝑊(|𝐫𝑗 − 𝐫𝑖|)(𝑓𝑗 − 𝑓𝑖)(𝐫𝑗 − 𝐫𝑖)𝑗≠𝑖 ]  (15) 

This model has been successfully applied to achieve non-oscillatory stress calculations in elasticity problems. Detailed 

formulations of this gradient model, including the derivation of second-order derivatives required for Eqs. 1 and 2 via the MPS 

method, are provided in reference [38]. 

3.2. The least square scheme in the mixed formulation 

The first-order Taylor series expansion for a function 𝑓 around a central node with position (𝑥0, 𝑦0) is given by Eq. 16. 

𝑓(𝑥, 𝑦) ≈ 𝑓0 +
𝜕𝑓0

𝜕𝑥
𝛥𝑥 +

𝜕𝑓0

𝜕𝑦
𝛥𝑦  (16) 

where 𝛥𝑥 = 𝑥 − 𝑥0 and 𝛥𝑦 = 𝑦 − 𝑦0. 

By applying this expansion to all computational nodes within the interaction area of the reference node, we obtain Eq. 17. 

[

1
1
⋯
1

  

𝛥𝑥1

𝛥𝑥2

⋯
𝛥𝑥𝑁

  

𝛥𝑦1

𝛥𝑦2

⋯
𝛥𝑦𝑁

] [

𝑓0

𝜕𝑓0 𝜕𝑥⁄

𝜕𝑓0 𝜕𝑦⁄
] = [

𝑓1
𝑓2

⋯
𝑓𝑁

]  (17) 

where 𝑁 denotes the total number of surrounding nodes. 

Solving this system allows for the determination of the approximated function values at the computational nodes (𝑓1, 𝑓2, …, 𝑓𝑁). 

The total approximation error, ‖𝐸‖, is expressed by Eq. 18. 
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‖𝐸‖ = ∑ [𝑓0 − 𝑓𝑗 +
𝜕𝑓0

𝜕𝑥
𝛥𝑥𝑗 +

𝜕𝑓0

𝜕𝑦
𝛥𝑦𝑗]

2
𝑁
𝑗=1 𝑊𝑗

2   (18) 

where 𝑊𝑗 is the value of the interpolation function at node 𝑗. 

By minimizing this error function using a weighted least-squares scheme, the vector of unknown parameters can be calculated 

as shown in Eqs. 19 and 20. 

𝜕‖𝐸‖

𝜕𝐹
= 0  (19) 

[

𝑓0

𝜕𝑓0 𝜕𝑥⁄

𝜕𝑓0 𝜕𝑦⁄
] = [

∑𝑊𝑗
2 ∑𝑊𝑗

2𝛥𝑥𝑗 ∑𝑊𝑗
2𝛥𝑦𝑗

∑𝑊𝑗
2𝛥𝑥𝑗 ∑𝑊𝑗

2𝛥𝑥𝑗
2 ∑𝑊𝑗

2𝛥𝑥𝑗𝛥𝑦𝑗

∑𝑊𝑗
2𝛥𝑦𝑗 ∑𝑊𝑗

2𝛥𝑥𝑗𝛥𝑦𝑗 ∑𝑊𝑗
2𝛥𝑦𝑗

2

]

−1

(

∑𝑓𝑗𝑊𝑗
2

∑𝑓𝑗𝑊𝑗
2𝛥𝑥𝑗

∑𝑓
𝑗
𝑊𝑗

2𝛥𝑦𝑗

)  (20) 

where 𝐹 = [𝑓0, 𝜕𝑓0 𝜕𝑥⁄ , 𝜕𝑓0 𝜕𝑦⁄ ] contains the unknown values of the function and its derivatives at the reference node. The 

interpolation function for this method is defined by Eq. 21. 

𝑊(𝑟) = {

1

𝑟3+𝜂3                       𝑟 ≤ 𝑅𝑠  

0                             𝑟 > 𝑅𝑠 
  (21) 

In this study, the average nodal distance (defined later as 𝑙0) is chosen for the parameter 𝜂 (as a small value) in Eq. 21 to prevent 

a zero denominator. A similar least-squares method, based on a second-order Taylor expansion, has been employed to solve free-

surface and elasticity problems, as well as elliptic PDEs [40-42]. 

By approximating the function and its first-order derivatives at all computational nodes, the system of first-order equations (Eqs. 

4a and 4e) can be solved to obtain the unknown variables of the elasticity problem (displacements and stresses) in the mixed 

formulation. This system of equations is solvable by applying the boundary conditions using the known analytical results. One 

advantage of the mixed formulation is that stresses can be calculated directly with lower errors. Conversely, stresses can also be 

calculated after determining the displacements from the second-order differential equations (Eqs. 1 and 2) by using the Eqs. 4c and 

4e; however, this approach may lead to larger errors. 

4. Numerical examples 

4.1. Cantilever beam 

To compare the performance of these two numerical methods, a cantilever beam subjected to a load at its free end is examined 

in the first numerical example, with the initial geometry illustrated in Fig. 1. The analytical solutions for the displacements and 

stresses (𝑢𝑥, 𝑢𝑦 , 𝜎𝑥𝑥 , 𝜎𝑦𝑦 , 𝜏𝑥𝑦) are provided in [39]. Applying the governing differential equations to the internal nodes results in a 

non-square matrix. However, by incorporating the analytical solutions of the boundary nodes into the right-hand side (RHS) vector, 

a square system of equations is obtained, the solution of which yields the unknowns at the internal nodes. It is worth noting that the 

final system of equations resulting from the discretization of the differential equations was solved using Gaussian elimination. The 

computational constants 𝑃 = 1, 𝐸 = 10000, 𝑐 = 1, 𝐿 = 16  and 𝜈 = 0.25 (in SI units) are used for this test problem. 

The computational nodes are initially placed at the vertices of a square grid with a spacing of 𝑙0 and are subsequently moved 

randomly with a maximum displacement of 𝑘𝑙0, where 𝑘 is the randomness coefficient. To solve the problem, this coefficient is set 

to 0.25, and three irregular node distributions with 𝑙0 = 1/2, 1/4, 1/6 m are applied (see Fig. 2 with 𝑙0 = 1/6 m). 

 
Fig. 1. The Initial geometry of the cantilever beam problem. 

 

 
Fig. 2. The nodal distribution with 𝒍𝟎 = 𝟏/𝟔 𝐦 for the cantilever beam problem. 
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In this research, Eq. 22 is employed to evaluate the error of the numerical methods in solving this problem. 

𝐸𝑟1 =
∑(𝑓𝑖−𝑓̅

𝑖)
2

𝑁𝑏(𝑚𝑖𝑛(𝑓̅))2
  (22) 

In Eq. 22, 𝑓𝑖 and 𝑓𝑖̅ represent the numerical and analytical values of the normal stress (𝜎𝑥𝑥) at the nodes on the upper face of the 

beam, respectively. Additionally, 𝑚𝑖𝑛(𝑓̅) and 𝑁𝑏 denote the minimum value and the total number of computational nodes on this 

face, respectively. 

The computational errors for both numerical methods and the utilized nodal distributions are shown in Fig. 3, according to the 

defined error indicator. As observed, the improved MPS model offers higher accuracy than the mixed method. 

 
Fig. 3. Error analysis of the numerical methods for the cantilever beam problem. 

Fig. 4 illustrates a comparison between the calculated normal stress (𝜎𝑥𝑥) along the beam's upper edge and the corresponding 

analytical results. While the MPS method yields results of acceptable accuracy, the mixed formulation exhibits significant 

fluctuations, thereby highlighting the superiority of the MPS approach. Notably, despite the mixed formulation's ability to solve for 

stresses directly as primary unknowns, the MPS method provides more consistent and promising results. 

 
(a) 

 
(b) 

 
(c) 

Fig. 4. Comparison of computational and analytical results of stress at the top of the beam for: (a) 𝒍𝟎 = 𝟏/𝟐 m; (b) 𝒍𝟎 = 𝟏/𝟒 m; and 

(c) 𝒍𝟎 = 𝟏/𝟔 m.  
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The results of meshless numerical methods are highly dependent on the size of the interaction area. In this study, the optimal 

value of this parameter is selected such that the defined numerical error (Eq. 22) is minimized. It is evident that the optimal size of 

𝑅𝑠 differs for the two numerical methods, as presented in Fig. 5. As evident, the MPS method requires a significantly larger 𝑅𝑠 for 

the finest node distribution compared to the mixed method to achieve minimum error, thereby increasing the computational cost 

(the processor is Intel Core i5, CPU@2.00 GHz-2.6 GHz, and RAM 4.00 GB). Conversely, the larger system of equations in the 

mixed method also incurs high computational expenses. 

 
Fig. 5. Optimal values of 𝑹𝒔 for the cantilever beam problem. 

Under these conditions, the MPS method is only moderately more time-consuming for this specific nodal distribution. For the 

other two nodal distributions, both methods require approximately the same computational time (see Fig. 6). Fig. 7 illustrates the 

error variations for different 𝑅𝑠 values and the nodal distributions. It is evident that the improved MPS method exhibits less 

sensitivity to changes in this parameter compared to the mixed method. In other words, reducing the 𝑅𝑠 value in the MPS scheme 

does not lead to a significant decrease in accuracy, but rather considerably reduces the computational cost. Considering both the 

accuracy of the results and the computational cost simultaneously, the MPS method can be regarded as more efficient. 

 
Fig. 6. Computational times of the numerical methods for the cantilever beam problem. 

 

 
Fig. 7. Variation of numerical error for different 𝑹𝒔 values in the cantilever beam problem. 
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To further evaluate the numerical performance of these two methods under more complex conditions, a highly irregular nodal 

distribution (𝑘 = 0.5) with 𝑙0 = 1/6 m was employed. As illustrated in Fig. 8, the improved MPS method exhibits significantly 

lower fluctuations in the calculated normal stress (𝜎𝑥𝑥) at the upper part of the beam compared to the mixed formulation. This 

demonstrates the robustness of the proposed method, even when applied to highly irregular nodal distributions. To reduce 

computational costs for a fixed number of nodes, these nodes can be distributed such that a higher density is placed in regions with 

higher errors. 

 
Fig. 8. Comparison of the computational and analytical results of stress at the top of the beam for highly irregular nodal distribution 

with 𝒌 = 𝟎. 𝟓 using 𝒍𝟎 = 𝟏/𝟔 m. 

This process results in a refined nodal distribution, which is essential for achieving high accuracy in complex conditions. As 

shown in Fig. 9, two different refined nodal patterns, corresponding to 𝑙0 = 1/6 m and 𝑘 = 0.15, are employed to compare the 

numerical methods investigated in this study. Fig. 10 illustrates the calculated normal stress along the upper edge of the beam for 

the distributions shown in Fig. 9; these results reaffirm the superior accuracy of the improved MPS model compared to the mixed 

method. It should be noted that the nodal distribution in Fig. 9b was intentionally chosen with high irregularity to further demonstrate 

the remarkable capabilities of the MPS method. Consequently, the mixed method exhibits significant oscillations under such 

conditions. However, when a distribution with lower irregularity is employed, such as the one shown in Fig. 9a, the mixed method 

yields results with considerably fewer oscillations. 

 
(a) 

 
(b) 

Fig. 9. Two refined nodal distributions with different patterns with 𝒍𝟎 = 𝟏/𝟔 m and 𝒌 = 𝟎. 𝟏𝟓 for the solution of the cantilever beam 

problem: (a) first pattern; and (b) second pattern. 
 

 
(a) 

 
(b) 

Fig. 10 Comparison of the computational and analytical results of stress at the top of the beam corresponding to the refined nodal 

distributions shown in Fig. 9: (a) results corresponding to Fig. 9a; and (b) results corresponding to Fig. 9b. 
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4.2. Infinite plate with a circular hole 

The second benchmark problem in this study is an infinite plate containing a circular hole under uniaxial tension, with the 

geometry shown in Fig. 11. The analytical solutions for the displacements and stresses of this problem are provided in [39]. Due to 

the symmetry of the problem, a square domain in the first quadrant with a side length of 6𝑎𝑝 (where 𝑎𝑝 = 1 m is the radius of the 

hole) is considered as the computational domain. The following constants (in SI units) are applied to solve this test problem: 𝑃 = 1, 

𝐸 = 1000 and 𝜈 = 0.3. 

 
Fig. 11. The geometry of an infinite plate with a circular hole subjected to a uniaxial load. 

The error indicator for this problem is given by Eq. 23. 

𝐸𝑟2 =
∑(𝑔𝑖−𝑔̅𝑖)

2

𝑁ℎ(𝑚𝑎𝑥(𝑔̅))
2  (23) 

In Eq. 23, 𝑔𝑖 and 𝑔̅𝑖 represent the numerical and analytical values of the normal stress 𝜎𝑥𝑥 at the nodes along the left edge of the 

plate, respectively. Additionally, 𝑚𝑎𝑥(𝑔̅) and 𝑁ℎ denote the maximum value and the total number of computational nodes on the 

edge, respectively. 

An irregular nodal distribution with 𝑙0 = 1/6 m and 𝑘 = 0.3 as shown in Fig. 12 is used to solve this problem. In Fig. 13, the 

calculated normal stresses (𝜎𝑥𝑥) along the left edge of the plate (𝑥 = 0 m) are compared with the analytical solution, demonstrating 

the superior accuracy of the improved MPS model. It is worth noting that the best results are obtained based on the error indicator 

defined in Eq. 23. Additionally, the performance of the numerical methods for the refined nodal distribution shown in Fig. 14 (𝑙0 =
1/6 m, 𝑘 = 0.3) is presented in Fig. 15. As is evident, the MPS method once again proves its ability to produce results with high 

accuracy, whereas the mixed method yields fluctuating results. 

 
Fig. 12. The nodal distribution with 𝒍𝟎 = 𝟏/𝟔 m and 𝒌 = 𝟎. 𝟑 for the plate problem. 

 

 
Fig. 13. Comparison of the computational and analytical results of stress along the left edge of the plate. 
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Fig. 14. The refined nodal distribution with 𝒍𝟎 = 𝟏/𝟔 m and 𝒌 = 𝟎. 𝟑 for the solution of the plate problem. 

 

 
Fig. 15. Comparison of the computational and analytical results of stress at the left edge of the plate for the refined nodal 

distributions of Fig. 14. 

5. Conclusions 

This study evaluated the accuracy of stress estimation using numerical methods for two benchmark elasticity problems. In the 

first approach, the second-order governing differential equations, with structural displacements as the primary unknowns, were 

solved using the MPS method. The corresponding stresses were subsequently derived through the existing displacement-stress 

relationships and a modified MPS gradient model [38]. In the second approach, the second-order equations were reformulated into 

a mixed formulation comprising a system of first-order differential equations, where both displacements and stresses were treated 

as unknowns and solved via a least-squares method. Based on the obtained numerical results, the following key observations can be 

drawn: 

• The indirect determination of stresses using the modified MPS gradient model (Method 1) yields results with lower error 

compared to the mixed method (Method 2). 

• The results of Method 1 exhibit less sensitivity to variations in the size of the interaction area. 

• The accuracy of Method 1 is relatively insensitive to the increasing irregularity of the computational node distribution, 

whereas Method 2 exhibits greater sensitivity to this factor. 

• Method 1 exhibits superior numerical performance for the refined node distributions. 

• Considering both accuracy and computational cost simultaneously, it can be concluded that Method 1 is more efficient. 

These findings serve as a guide for selecting appropriate numerical methods to achieve high-precision stress analysis in complex, 

real-world structural problems. 
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A  R  T  I  C  L  E I  N  F  O 

Road Safety Assessment (RSA) can be conducted through two primary approaches: (1) the 

reactive approach, which relies on historical crash data; and (2) the proactive approach, 

which employs Surrogate Safety Indicators (SSIs). In the reactive approach, hazard 

potential is evaluated directly by measuring accident frequency, whereas in the proactive 

approach, SSIs must be validated against actual safety measures. However, few studies 

have systematically compared multiple SSIs to determine which indicators provide the 

most reliable correlation with actual crash occurrence, particularly in rural contexts where 

data collection is challenging. The purpose of this research is to compare 39 SSIs within the 

proactive RSA framework to identify potential hazards on rural road segments. An 

observational study was conducted employing Pearson correlation analysis, using vehicle 

velocity data collected via GPS-enabled smartphones from 100 vehicles across 125 km of 

rural roads. The analysis divided the road network into uniform 5-km segments and 

evaluated various crash severity levels, including fatal, injury, and total crashes. Among 

39 proposed indicators, the deceleration frequency indicator (DNM1, counting all 

decelerations during braking without predefined thresholds) demonstrates the strongest 

correlation with crash data (r = 0.803 for property-damage crashes), establishing it as a 

highly robust proactive safety measure for rural road networks. Additionally, results 

revealed that traditional metrics like average vehicle velocity alone were poor predictors 

of safety compared to comprehensive deceleration-based measures, emphasizing the 

necessity of granular kinematic data. The findings enable transportation agencies to 

implement cost-effective, smartphone-based safety monitoring systems for real-time 

identification of high-risk rural road segments. 
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1. Introduction 

Road traffic accidents remain a major global public health concern, resulting in approximately 1.19 million fatalities and 20-50 

million injuries annually worldwide. They currently stand as a leading cause of death, particularly among younger age groups. In 

Iran, traffic-related injuries similarly constitute a primary cause of mortality. The recording of over 16,700 fatalities in 2022 (Iranian 

calendar year 1401), which significantly exceeds both global and regional averages, highlights a severe crisis in road safety [1]. 

In recent years, Iran has experienced a simultaneous increase in the number of vehicles, travel speeds, population, and overall 

volume of road trips. However, the development and quality of road infrastructure have not improved proportionately. For instance, 
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studies of two-lane rural highways in Iran show that geometric design elements, such as intersection angles and the existence of 

spiral curves, significantly influence accident ratios [2]. Furthermore, vehicle safety standards remain sub-optimal, and critically, 

there is a lack of adequate public education to foster a culture of safe driving. Consequently, the frequency, severity, and associated 

socio-economic costs of crashes have surged, underscoring the urgent need for effective preventive and mitigative measures [3]. 

Smart monitoring of road conditions and crash events by tracking vehicles via GPS and transmitting data to emergency services 

when necessary is an efficient approach to reducing traffic fatalities [4]. Some studies recommend adding modules equipped with 

various sensors that can record critical road parameters and pavement conditions while also detecting crash events [5]. 

The measure of road safety is often deduced from crash statistics. However, because crashes are accidental in nature, crash data 

are typically considered "rare events” in statistical terms. Consequently, at least three years of data are required to draw reliable 

conclusions about crash patterns. This represents a key limitation of this approach [6]. 

There are several methodologies that consider historical crash data in order to identify potentially high-risk locations [7]; 

however, the use of crash data in road safety analysis is sometimes hindered by logical and statistical problems such as small sample 

sizes, a lack of sufficient details to improve understanding of crash failure mechanisms [8], and unavailability [9]. To address these 

limitations, researchers have attempted to employ other parameters as surrogate measures for the identification of hazardous road 

locations, including safety inspections [10], traffic simulations [11, 12], traffic conflict techniques [13-15], and studies based on 

speed profile variation [15, 16]. These proactive approaches rely on observable traffic behavior and road characteristics rather than 

historical crash records. 

Methods based on vehicle speed variations can be divided into three main categories: a) comparing the speed before a crash with 

the prevailing speed (event-based) [17]; b) comparing the speeds of drivers involved in a crash with those of drivers not involved in 

a crash (driver-based) [18]; c) comparing speed variations across different road facilities (facility-based) [19]. 

To proactively assess road safety, these approaches employ surrogate safety measures rather than relying solely on historical 

crash statistics. Among these measures, speed parameters have been widely adopted as reliable indicators. Following this rationale, 

the present study introduces a proactive safety evaluation framework based on continuous speed data collected via smartphone GPS. 

2. Literature review 

The review of prior investigations shows that most drivers exhibit strong reactions when encountering a hazardous situation. 

These reactions typically involve braking, steering, accelerating, or a combination thereof. Due to the correlation between crashes 

and near-crash events, researchers have attempted to prevent crashes through near-crash analysis [20]. In fact, classical naturalistic 

driving studies have firmly established near-crashes as valid crash surrogates for evaluating driving behavior [21]. Since braking 

constitutes the majority of near-crash events, many researchers have attempted to identify crash risks by measuring speed reduction 

using GPS technology. 

As highlighted by recent reviews, relying solely on historical crash data has critical limitations, as it is fundamentally a reactive 

approach. In contrast, Surrogate Safety Measures (SSMs) provide sustainable, proactive indicators that allow researchers to 

investigate high-risk areas before crashes actually occur [22]. Surrogate Safety Measures can be broadly categorized into two main 

groups. The first category includes time-based, deceleration-based, and energy-based SSMs, such as Time-to-Collision (TTC), Post 

Encroachment Time (PET), Time-to-Crash/Accident (TC/TA), and Deceleration Rate to Avoid the Crash (DRAC). These measures 

are widely used across road safety literature and are typically based on predefined thresholds for traffic conflicts. The second 

category aims to directly associate each traffic conflict with either a crash or non-crash outcome by estimating its crash probability 

[23]. 

Early research employing GPS technology focused on extracting velocity profiles to establish a link between driving behavior 

and road crash occurrences. Pioneering work in this area by Jun [18] revealed that driving behavior, particularly the speed pattern, 

is a significant factor in crash potential by comparing drivers with and without recent crash histories [18]. This approach was further 

developed by Boonsiripant et al. [24], who formalized the technique as the “speed profile” to demonstrate the relationship between 

its extracted parameters and crash numbers [19]. In their subsequent studies, Boonsiripant et al. [9], Boonsiripant et al. [24] refined 

this model by identifying “acceleration noise” and “frequency of stops”, both correlated with deceleration, as key predictive 

parameters [9, 24]. In a similar application of this concept, Camacho-Torregrosa et al. [25] also utilized the speed profile from GPS 

data to analyze estimated crash rates, specifically for determining average operating speeds and evaluating design consistency 

parameters [25]. 

Fontaine and Chun [26] also used GPS probes to estimate the speed differential between adjacent TMC (Traffic Message 

Channel) segments on freeways. They introduced deceleration events as a surrogate safety measurement for crash data. These events 

were defined as the number of 15-minute periods where the speed differential between adjacent TMCs exceeded specific thresholds 

(10, 15, 20, and 25 mph) [26]. 

Historically, SSM data collection relied heavily on roadside observation techniques, which were labor-intensive and limited in 

spatial coverage. However, the advent of GPS-enabled devices and smartphone sensors has revolutionized this field by enabling 

widespread, continuous, and cost-effective data collection under real-world driving conditions [8]. 

With smartphone GPS accuracy having improved to positioning errors typically within 5 meters [27], their application in safety 

research has expanded. These devices can determine the geographic coordinates of a vehicle in real time, from which instantaneous 
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speed can be calculated and reported [28]. The built-in sensors of smartphones, particularly GPS and accelerometers, have emerged 

as cost-effective and reliable tools across various smart transportation domains, from pavement condition monitoring to driver 

behavior analysis [29]. Furthermore, the rapid advancement of sensor technology has significantly increased reliance on these built-

in sensors in naturalistic driving studies. They are now widely utilized to extract critical kinematic SSMs, specifically harsh braking 

and harsh acceleration events, directly from real-world driving environments [22, 30]. Unlike traditional crash records, which require 

extensive periods for reliable sample collection, smartphones enable widespread, ongoing, and cost-effective data gathering under 

real-world driving conditions, providing more timely insights into traffic dynamics. Leveraging this capability, Strauss et al. [31] 

used smartphone-derived data to examine bicyclists’ deceleration rates as a surrogate measure for injury crashes. The correlation 

coefficient between injury crash frequency and deceleration rate in road sections was found to be r = 0.57 [31]. 

Stipancic et al. [32] also reviewed the utilization of vehicle manoeuvres as a surrogate measure for crashes. Using smartphone 

data, they observed that hard braking and hard acceleration events showed a good correlation with the frequency of crashes [32]. 

The broader literature increasingly supports this positive correlation between harsh driving behaviors, such as harsh braking and 

acceleration, captured via SSMs, and actual crash risks. Utilizing these harsh events as proactive variables offers a robust alternative 

to solely relying on reactive historical crash data, allowing for more pre-emptive safety interventions [30]. 

Further exploring the potential of smartphone telematics, Ziakopoulos [33] utilized high-resolution data to analyse the occurrence 

of harsh driving events, such as harsh braking (HB) and harsh acceleration (HA). By employing the XGBoost algorithm and SHAP 

explainability analysis, the study demonstrated that road network characteristics, specifically the number of lanes and speed limits, 

do not significantly influence the likelihood of these harsh events. Instead, more dynamic factors, including the vehicle’s speed and 

traffic occupancy, were found to be the primary predictors of HB and HA occurrences [33]. 

In a complementary line of research, Nikolaou et al. [34] introduced spatial analysis to account for geographical dependencies 

in smartphone-based Surrogate Safety Measures (SSMs). Their study, which focused on harsh braking events, demonstrated that 

spatial models, such as the Spatial Zero-Inflated Negative Binomial (SZINB) and Spatial Random Forest (SRF), outperform their 

non-spatial counterparts. The findings identified variables like the number of trips, segment length, speeding, and mobile phone use 

as significant predictors [34]. 

While the aforementioned studies confirm the potential of using smartphone-based data for safety analysis, much of this research 

relies on identifying safety-critical events through the application of predefined and often arbitrary deceleration thresholds. This 

approach may overlook the cumulative safety implications of more frequent, lower-magnitude speed adjustments, which are 

particularly relevant on interurban roads. Furthermore, recent comprehensive reviews indicate a critical research gap: future studies 

must examine how various surrogate indicators correlate with historical road crashes across different severities and regional 

contexts, moving beyond single-indicator analysis. The present study addresses this gap by introducing and empirically evaluating 

39 distinct SSIs, encompassing deceleration frequency and magnitude (across multiple thresholds), as well as indicators derived 

from velocity, acceleration, and jerk. The primary objective is to systematically correlate these indicators with historical crash data 

to identify the most robust measure of road safety. 

3. The study area 

The study area encompassed a two-way, two-lane undivided rural road spanning a total length of 137 km. This finalized route 

comprised three distinct segments: the first segment traversed level terrain for 20 km. The second segment predominantly passed 

through rolling terrain for 50 km, while the third segment navigated through mountainous terrain for 55 km. Fig. 1 and Table 1 

display the geographical locations of the start and end points for each segment, as well as the entire route. 

 
Fig. 1. The study area. 
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Table 1. Coordinates of the study area. 

Part No. 
Start point  End point 

Latitude Longitude  Latitude Longitude 

Part 1 29.759029° 57.585329°  29.608432° 57.442195° 

Part 2 29.585696° 57.442669°  29.138452° 57.499041° 

Part 3 29.131210° 57.504835°  28.747257° 57.758172° 

4. Data collection 

The total number of road crashes for three years was obtained from the Iranian Road Maintenance and Transportation 

Organization (RMTO). It should be noted that during this specific three-year period (March 21, 2011, to March 21, 2014), no major 

infrastructural modifications, geometric realignments, or policy changes (e.g., speed limit alterations) occurred along the studied 

route. This consistency ensures that the historical crash data provides a stable and reliable safety baseline, unskewed by external 

interventions. Vehicle GPS data were collected from a sample of cars traversing the route. To control for environmental variables 

and isolate the effect of road geometry, data collection was exclusively conducted under clear weather and dry pavement conditions, 

which accurately reflects the region’s predominantly warm and dry climate with low rainfall. Furthermore, to ensure that the dataset 

captures a comprehensive representation of naturalistic driving behaviors, the data collection campaigns encompassed both daytime 

and nighttime driving under these clear conditions. 

The AndroSensor mobile application was utilized in this study to record the vehicles’ instantaneous speeds and geographic 

coordinates at one-second intervals with a 5-meter positional accuracy. During the drives, the smartphones were consistently placed 

on the vehicle dashboards to maintain a clear line of sight to the sky, thereby maximizing GPS signal reception and ensuring data 

quality. To prevent the Hawthorne effect and ensure naturalistic driving conditions, the data collection was conducted without the 

drivers’ knowledge. The passengers carried out the recording while the drivers were kept completely unaware that their vehicle 

kinematics were being monitored. This approach ensures that the collected velocity profiles genuinely reflect natural driving 

behavior in response to the road geometry rather than altered behavior due to observation. A one-second sampling interval (1 Hz) 

was specifically chosen as it optimally captures macroscopic vehicle kinematics necessary for segment-level safety evaluation. 

Unlike higher-frequency data (e.g., OBD-II scanners), which are typically suited for microscopic driver behavior analysis and tend 

to introduce high-frequency sensor noise, a 1 Hz interval aligns with established literature to provide reliable and manageable 

velocity profiles [27, 35]. 

Since raw GPS data can be prone to signal fluctuations and sensor noise, which might be falsely interpreted as sudden speed 

changes, a Kalman filter was applied during the data post-processing phase. This filtering technique effectively smoothed the raw 

trajectory data and mitigated sensor noise, allowing for the accurate distinction and extraction of true deceleration events (Eq. 1). 

n =
𝑧1−𝛼/2
2 ×𝑝×(1−𝑝)

𝑑2
=

1.962×0.5×0.5

0.12
= 96.04  (1) 

where, 

z = 1.96 is the critical value for the 95% confidence interval from the standard normal distribution, 

p = 0.5 is the estimated proportion of the population with the characteristic of interest (yielding the maximum variance), 

α = 0.05 is the significance level (Type І error rate), and 

d = 0.1 is the acceptable margin of error. 

A 10% margin of error (d = 0.1) was selected due to the extensive scope of the field study and the inherent logistical constraints 

of naturalistic data collection. In the context of this study, the calculated minimum sample size of n = 96.04 refers to the number of 

individual continuous vehicle trips required along the studied route. To account for potential data loss, signal dropouts, and recording 

errors (dropout rate), data collection was initially conducted for approximately 300 vehicle trips. After a rigorous data screening 

and quality control process to exclude corrupted, interrupted, or incomplete records, a final set of exactly 100 usable and high-

quality vehicle trajectories was successfully extracted. This final sample size effectively accounts for the dropout rate while safely 

satisfying the statistical requirements for the analysis. The Surrogate Safety Indicators (SSIs) were extracted within 5-km spans, and 

then the SSIs of all sample vehicles were aggregated in each road segment. 

5. Methodology 

Following the data collection and sample size determination, this section details the analytical framework employed to evaluate 

the proposed SSIs. First, a comprehensive set of 39 SSIs is explicitly defined and categorized into two main groups: deceleration-

based indicators and other metrics. Next, the procedure for extracting these indicators from the continuous GPS trajectories across 

the designated 5-km road segments is explained. Finally, the section outlines the statistical approach, utilizing the Pearson 

Correlation Coefficient (PCC), to establish and quantify the linear associations between these extracted SSIs and historical crash 

frequencies categorized by severity. 
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5.1. Suggested indicators 

Previous studies on Surrogate Safety Indicators (SSIs) were first reviewed. Subsequently, three road sections were selected 

according to the study area conditions and road transport regulations. Crash statistics for these three sections were obtained for a 3-

year period. Statistical reports on crashes (fatality, injury-causing, damage-causing, total observed, and equivalent property damage 

only) were extracted for 25 road segments of 5 km length, along with 39 SSIs. GPS-enabled smartphones and appropriate 

applications, which report the geographic location and the vehicle velocity at one-second intervals, were used to derive SSIs for 100 

vehicles on these three road sections. Table 2 indicates the classification of crash types. 

Table 2. Crash types (classified by severity). 

No. Crash type Description 

1 Fatality Crashes leading to the death of at least one person up to 30 hours after their occurrence 

2 Injury Crashes leading to disability, severe injury, light injury, or possible injury 

3 Fatality + injury Fatality + injury crashes (row 1 + row 2) 

4 Damaging only Crashes that lead to financial losses only 

5 Total observed Total fatality, injury, and damaging crashes 

6 
Equivalent property damage only 

(EPDO) 
In this method, each fatality crash and each injury crash is counted as 9 and 3 damaging crashes, respectively. 

The SSIs were divided into two general categories: deceleration-based indicators and indicators. 

5.1.1. Deceleration-based indicators 

Deceleration-based indicators encompass two groups: 

A) Deceleration frequency-based Indicators, 

B) Deceleration values-based indicators. 

Notably, unlike many urban studies that employ specific deceleration thresholds to isolate safety-critical braking events [18, 32], 

this study deliberately did not impose a predefined threshold for interurban road segments. In uninterrupted rural traffic f lows, 

drivers typically maintain a steady speed; therefore, even minor but sustained decelerations often reflect essential driving adaptations 

to roadway geometry, sightline limitations, or potential hazards. By omitting a predefined threshold, the study aimed to prevent bias 

and empirically evaluate which indicators (including those accounting for all decelerations) yield the highest correlation with actual 

crash data. Furthermore, applying the Kalman filter during data post-processing ensured that minor signal fluctuations and high-

frequency sensor noises were not mistakenly counted as low-magnitude decelerations. 

A) Deceleration frequency-based Indicators; 

1) The Deceleration Numbers of Mode 1 (DNM1), represent the total count of all decelerations occurring throughout the entire 

braking duration, recorded at one-second intervals. 

2) In contrast to the first mode, the Deceleration Numbers of Mode 2 (DNM2), represent the count of braking events, recording 

only a single deceleration per event and assigning its spatial coordinates to the onset of braking.  

3) An analysis of the deceleration values during braking events revealed that they do not strictly follow an ascending or 

descending trend, but rather exhibit fluctuations. Consequently, the Deceleration Numbers of Mode 3 (DNM3) represent 

the count of local maximum decelerations within a braking event, with the spatial coordinates of each local maximum 

recorded as needed. 

4) Similar to DNM, the Deceleration Numbers of Mode 4 (DNM4) records only a single deceleration per braking event; 

however, its spatial coordinates are assigned to the location of the maximum deceleration rather than the onset of braking. 

B) Deceleration values-based indicators; 

A pertinent question arises as to why the frequency of decelerations is emphasized over their magnitudes. Recognizing that 

count-based indicators disregard the numerical value of deceleration (unless classified by a minimum threshold), 

incorporating the magnitude of each deceleration across the 4 aforementioned modes could potentially improve analytical 

outcomes. Consequently, this approach may yield an indicator with superior performance in assessing road safety compared 

to relying solely on historical crash statistics. To investigate this hypothesis, 4 additional indicators are proposed as follows: 

5) Corresponding to DNM1, the Value of Deceleration Mode 1 (VDM1) utilizes the sum of deceleration magnitudes rather than 

their frequency of occurrence. Essentially, this indicator represents the approximate area under the acceleration-time curve 

for each braking event. 

6) The sixth indicator, the Value of Deceleration Mode 2 (VDM2), considers the initial deceleration magnitude during each 

braking event. This indicator is of particular significance as it may reflect the driver’s perception of hazard; consequently, 

it is investigated as a potentially viable surrogate safety indicator. 

7) Corresponding to DNM3, the seventh indicator, the Value of Deceleration Mode 3 (VDM3), utilizes the sum of the 
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magnitudes of the local maximum decelerations during a braking event, rather than their frequency. This indicator is 

introduced as it may provide a more accurate representation of the hazard level, making it a potentially more suitable 

surrogate safety indicator. 

8) Determining the maximum deceleration magnitude during each braking event is critical, as it may reflect the severity of the 

hazard rather than the severity of a crash. Therefore, the eighth indicator, the Value of Deceleration Mode 4 (VDM4), is 

defined as the sum of the maximum deceleration magnitudes occurring across all braking events. This measure is proposed 

as a potential candidate for a surrogate safety indicator to replace historical crash statistics. 

Upon determining the values of the 8 aforementioned indicators for each braking event, the values were summed across all 90 

vehicles for every 5-km road segment. The resulting aggregate served as the representative value for the respective indicator within 

that segment. 

5.1.2. Other indicators 

Another pertinent question is why only the frequency or magnitude of decelerations (aggregated within the aforementioned 

categories) are considered appropriate SSIs in RSA studies. While an SSI is often associated with a braking event, it does not 

necessarily need to be defined by the cumulative sum or count of decelerations. Instead, it could be related to other parameters, such 

as velocity or variations in acceleration (both positive and negative). Consequently, the following new indicators are proposed: 

9) Average velocity; the velocity-crash association has been extensively investigated. Here we aimed to find whether there is 

an association between average velocity (Vave) and the number of crashes on each road segment of 5 km length. 

10) Average velocity to the second power (Vave2); as with some references, here the association between Vave2 and the number 

of light injury-causing crashes was investigated. 

11) Average velocity to the third power (Vave3); as with some references, here the association between Vave3 and the number 

of light injury-causing crashes was investigated. 

12) Statistics on road crashes in Iran do not separate light and severe injury-causing crashes, and only three general groups of 

crashes (fatality, injury-causing and damaging) are mentioned. We therefore defined the average velocity to the second 

plus third power (Vave2+ Vave3), aiming to examine the association between this indicator and crashes. 

13) Fatal crashes are a critical component of RSA studies, as they result in significant property damage, severe bodily injuries, 

and substantial compensation costs, in addition to the loss of life among vehicle occupants. Among crashes of varying 

severities, fatal crashes occur with the lowest frequency. This low frequency increases the likelihood of random 

occurrences, making it significantly more difficult to identify a proper SSI that exhibits a strong correlation with these 

events. Furthermore, fatal crash outcomes are highly dependent on numerous exogenous factors. For instance, the presence 

of vehicle safety features (e.g., airbags) and occupant compliance (e.g., seatbelt usage) are critical determinants. 

Additionally, the efficiency of post-crash emergency medical services plays a vital role. These confounding variables, 

combined with the highly random nature of such crashes, make it exceedingly difficult to derive an appropriate SSI solely 

from velocity or acceleration data, whether analyzed individually or in combination. Nevertheless, it is still possible to 

identify the indicator that demonstrates the highest relative correlation with these crashes. Consistent with the existing 

literature, this study investigates the association between Vave4 and the frequency of fatal crashes. 

14) The velocity variance (Vvar), which represents the difference of average velocity to the second power, can be an appropriate 

SSI, since the vehicle's average velocity may not be the crash's cause, but it may be influenced by inconsistency and 

turbulence in the vehicle's movement, which can be better expressed in the difference of average velocity. 

15) Standard Deviation (SD) of velocity (Vstdv), which indicates the vehicle's velocity difference from the average. This 

parameter represents inconsistency and turbulence in the vehicle's movement. 

16) The average vehicle acceleration on roads (Aave). Vehicles can move more quickly and evenly on a straight road with light 

traffic; consequently, the Vave increases, and Aave decreases. In contrast, on a winding or mountainous road, vehicles 

move at a lower velocity and more acceleration changes inevitably occur. Therefore, negative or positive average 

acceleration is likely to be an appropriate SSI. Variance and SD were also controlled. 

17) The variance of acceleration (Avar) for each road segment. 

18) The standard deviation of acceleration (Astdv) for each road segment. 

19) Average deceleration (Dave) for each road segment. The sum of deceleration numbers and values was expressed as the SSI 

for deceleration value and number. However, the average, variance, and/or SD of deceleration values may be a more 

appropriate SSI. 

20) The variance of deceleration (Dvar) for each road segment. 

21) The standard deviation of deceleration (Dstdv) for each road segment. 

22) Average of a jerk to the second power for each road segment (Jave2). Acceleration is a derivative of velocity with respect 

to time, while jerk is the time derivative of acceleration. In the former, the driver brakes and velocity decreases gradually 
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with a steady rate over braking. But in the latter, the velocity is suddenly reduced, and the acceleration rate is not constant 

over braking, where the crash risk is higher. Therefore, the average of a jerk to the second power is probably a more suitable 

SSI, because, in the second power, the jerk's positive and negative modes cannot neutralize each other's effect.  

23) The variance of a jerk to the second power for each road segment (Jvar2). 

24) The standard deviation of a jerk to the second power for each road segment (Jstdv2). 

25) The average product of the velocity with the deceleration in the DNM1 (SDM1ave) for each road segment. It should be 

assessed whether the risk level can be greater when braking occurs at a high rather than low velocity, even under the same 

deceleration. The product of the deceleration with velocity (SD) is therefore considered a possible SSI. Considering this 

indicator with all four deceleration number modes would probably lead to appropriate SSIs. In each case, we can assess 

the average, variance, or standard deviation of the product of the velocity with the deceleration. 

26) The average product of the velocity with the deceleration in DNM2 (SDM2ave) for each road segment. 

27) The average product of the velocity with the deceleration in DNM3 (SDM3ave) for each road segment. 

28) The average product of the velocity with the deceleration in DNM4 (SDM4ave) for each road segment. 

29) The variance of the product of the velocity with the deceleration in DNM1 (SDM1var) for each road segment. 

30) The variance of the product of the velocity with the deceleration in DNM2 (SDM2var) for each road segment. 

31) The variance of the product of the velocity with the deceleration in DNM3 (SDM3var) for each road segment. 

32) The variance of the product of the velocity with the deceleration in DNM4 (SDM4var) for each road segment. 

33) The standard deviation of the product of the velocity with the deceleration in DNM1 (SDM1stdv) for each road segment. 

34) The standard deviation of the product of the velocity with the deceleration in DNM2 (SDM2stdv) for each road segment. 

35) The standard deviation of the product of the velocity with the deceleration in DNM3 (SDM3stdv) for each road segment. 

36) The standard deviation of the product of the velocity with the deceleration in DNM4 (SDM4stdv) for each road segment. 

37) Average difference of velocity to the second power (at one-second intervals) in the deceleration modes for each road 

segment (∆SD2ave). The length of the brake line is proportional to the changes of velocity to the second power during the 

braking time. This could therefore be an appropriate SSI. 

38) The variance of the difference of velocity to the second power (at one-second intervals) in the deceleration modes for each 

road segment (∆SD2var). 

39) The standard deviation of the difference of velocity to the second power (at one-second intervals) in the deceleration modes 

for each road segment (∆SD2stdv). 

The value of each of the indicators and the statistics of observed crashes (classified by severity) were calculated on each of the 

road segments of 5 km length. The Pearson correlation coefficient (PCC) was used to measure the linear correlation 

between SSIs and crash statistics. 

6. Results 

6.1. Results of deceleration-based indicators 

The results of the correlation of indicators related to the number or total of decelerations are presented in Tables 3 to 10. 

Classification of the acceleration number or value in these values is based on the lower limit of deceleration values with steps of 0.5 

m/s2. For example, NMD1 > 1 means the deceleration number in the first mode, but the deceleration value must be greater than 1 

m/s2. The analysis of Tables 3 to 10 showed that in all modes, the deceleration numbers were consistent with the number of crashes 

(of any severity). The (corresponding) indicators of total deceleration values showed a better correlation. The best results were 

obtained in Table 3. Among the eight indicators, the frequency of DNM1 (where all the decelerations (deceleration) at the whole 

braking time (a deceleration per second) were counted) showed the highest correlation with crashes, especially damaging ones (and 

thus total crashes). 

6.2. Results of other indicators 

An SSI may be associated with deceleration, but it may not be associated with the sum of the deceleration amount or number, or 

even deceleration itself. Here, the indicators were defined first, and the results of the correlation test on these indicators and the 

number of crashes were then presented in Table 11. 

7. Discussion 

As shown in Table 11, contrary to common assumption, average speed does not exhibit a significant or direct correlation with 

total crashes or specific crash severities. This observation holds true for the second, third, and fourth powers of average speed as 
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well. Where a correlation does exist, it tends to be inversely proportional. Furthermore, when speed is combined with another 

parameter into a composite index, such as the product of speed and deceleration, it diminishes the parameter’s correlation with crash 

frequencies. This phenomenon likely stems from the topographical characteristics of mountainous segments; due to steep gradients 

and numerous horizontal curves, the average vehicle speed is inherently lower, yet the frequency of crashes in these areas is higher. 

Conversely, the standard deviation of speed exhibits a moderate correlation (0.4 to 0.6) with observed crashes. Deviations from 

the mean speed within a segment induce traffic turbulence and increase overtaking maneuvers, ultimately leading to collisions. 

While average acceleration showed no correlation with crashes, the variance and standard deviation of both acceleration and 

deceleration demonstrate a moderate correlation. These parameters serve as measures of “acceleration noise” (turbulence), 

indicating the deviation of vehicle acceleration from a normal state. High acceleration noise signifies greater traffic disruption, 

which consequently leads to increased crash rates. Notably, the average deceleration indicator yields better results, surpassing the 

0.6 correlation threshold. 

Jerk represents the rate of change of acceleration over time. A higher jerk implies more abrupt acceleration changes, which may 

indicate the severity of the hazard perceived by the driver (rather than the crash severity itself). To prevent positive and negative 

values from cancelling each other out, the correlation of the squared jerk with crashes was examined. However, results indicated 

that the average squared jerk also has only a moderate correlation with crashes. Additionally, the indicator representing the average 

difference of squared speeds during deceleration, which correlates with braking distance during a braking event, demonstrated an 

adequate correlation (approximately0.6) with Equivalent Property Damage Only (EPDO) crashes. 

Table 3. The correlation coefficient of the deceleration numbers indicator (first mode-DNM1) with the number of observed crashes 

(classified by severity). 

Crash type NDM1 > 0 NDM1 > 0.5 NDM1 > 1 NDM1 > 1.5 NDM1 > 2 NDM1 > 2.5 NDM1 > 3 NDM1 > 3.5 

Fatality 0.376 0.325 0.280 0.235 0.234 0.137 0.153 0.142 

Injury 0.102 0.148 0.172 0.165 0.156 0.185 0.140 0.147 

Fatality + injury 0.232 0.253 0.257 0.234 0.226 0.215 0.181 0.183 

Damage only 0.803 0.681 0.664 0.628 0.617 0.579 0.555 0.526 

Total observed 0.741 0.642 0.628 0.592 0.580 0.546 0.517 0.492 

EPDO 0.601 0.535 0.514 0.473 0.464 0.412 0.391 0.374 

 

Table 4. The correlation coefficient of the deceleration numbers indicator (second mode-DNM2) with the number of observed crashes 

(classified by severity). 

Crash type NDM2 > 0 NDM2 > 0.5 NDM2 > 1 NDM2 > 1.5 NDM2 > 2 NDM2 > 2.5 NDM2 > 3 NDM2 > 3.5 

Fatality 0.222 0.309 0.293 0.252 0.244 0.162 0.168 0.140 

Injury 0.091 0.137 0.159 0.151 0.122 0.163 0.138 0.146 

Fatality + injury 0.164 0.237 0.251 0.228 0.199 0.206 0.185 0.182 

Damage only 0.713 0.702 0.683 0.649 0.630 0.608 0.584 0.538 

Total observed 0.647 0.656 0.643 0.608 0.586 0.568 0.542 0.502 

EPDO 0.482 0.533 0.524 0.486 0.463 0.429 0.411 0.379 

 

Table 5. The correlation coefficient of the deceleration numbers indicator (third mode-DNM3) with the number of observed crashes 

(classified by severity). 

Crash type NDM3 > 0 NDM3 > 0.5 NDM3 > 1 NDM3 > 1.5 NDM3 > 2 NDM3 > 2.5 NDM3 > 3 NDM3 > 3.5 

Fatality 0.300 0.316 0.295 0.253 0.245 0.155 0.168 0.140 

Injury 0.100 0.146 0.167 0.158 0.128 0.168 0.137 0.145 

Fatality + injury 0.201 0.248 0.258 0.235 0.205 0.207 0.184 0.181 

Damage only 0.771 0.700 0.685 0.650 0.632 0.604 0.586 0.543 

Total observed 0.706 0.657 0.647 0.611 0.588 0.565 0.544 0.506 

EPDO 0.549 0.539 0.530 0.490 0.466 0.426 0.411 0.381 

 

Table 6. The correlation coefficient of the deceleration numbers indicator (fourth mode-DNM4) with the number of observed crashes 

(classified by severity). 

Crash type NDM4 > 0 NDM4 > 0.5 NDM4 > 1 NDM4 > 1.5 NDM4 > 2 NDM4 > 2.5 NDM4 > 3 NDM4 > 3.5 

Fatality 0.222 0.291 0.293 0.252 0.240 0.157 0.173 0.136 

Injury 0.093 0.131 0.143 0.140 0.114 0.155 0.124 0.153 

Fatality + injury 0.165 0.225 0.237 0.218 0.191 0.196 0.175 0.186 

Damage only 0.712 0.691 0.683 0.647 0.628 0.604 0.592 0.531 

Total observed 0.647 0.644 0.640 0.604 0.581 0.562 0.547 0.498 

EPDO 0.482 0.517 0.519 0.481 0.457 0.422 0.412 0.376 
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Table 7. The correlation coefficient of the sum of the deceleration values indicator (VDM1-correspondent with first mode) with the 

number of observed crashes (classified by severity). 

Crash type VDM1 > 0 VDM1 > 0.5 VDM1 > 1 VDM1 > 1.5 VDM1 > 2 VDM1 > 2.5 VDM1 > 3 VDM1 > 3.5 

Fatality 0.326 0.301 0.259 0.217 0.206 0.124 0.126 0.098 

Injury 0.152 0.159 0.178 0.177 0.179 0.211 0.196 0.230 

Fatality + injury 0.257 0.254 0.255 0.238 0.235 0.233 0.221 0.240 

Damage only 0.700 0.669 0.649 0.616 0.600 0.562 0.528 0.475 

Total observed 0.659 0.632 0.614 0.583 0.568 0.535 0.504 0.463 

EPDO 0.546 0.521 0.499 0.463 0.451 0.407 0.386 0.359 

 

Table 8. The correlation coefficient of the sum of the deceleration values indicator (VDM2-correspondent with second mode) with the 

number of observed crashes (classified by severity). 

Crash type VDM2 > 0 VDM2 > 0.5 VDM2 > 1 VDM2 > 1.5 VDM2 > 2 VDM2 > 2.5 VDM2 > 3 VDM2 > 3.5 

Fatality 0.229 0.223 0.222 0.205 0.202 0.162 0.160 0.069 

Injury 0.124 0.127 0.118 0.141 0.112 0.176 0.268 0.286 

Fatality + injury 0.195 0.195 0.188 0.202 0.175 0.217 0.297 0.279 

Damage only 0.650 0.620 0.592 0.573 0.520 0.501 0.466 0.277 

Total observed 0.602 0.576 0.550 0.537 0.485 0.480 0.469 0.303 

EPDO 0.466 0.450 0.433 0.424 0.386 0.382 0.397 0.270 

 

Table 9. The correlation coefficient of the sum of the deceleration values indicator (VDM3-correspondent with third mode) with the 

number of observed crashes (classified by severity). 

Crash type VDM3 > 0 VDM3 > 0.5 VDM3 > 1 VDM3 > 1.5 VDM3 > 2 VDM3 > 2.5 VDM3 > 3 VDM3 > 3.5 

Fatality 0.299 0.297 0.272 0.233 0.217 0.139 0.137 0.137 

Injury 0.150 0.155 0.171 0.169 0.156 0.200 0.200 0.200 

Fatality + injury 0.245 0.249 0.254 0.237 0.219 0.229 0.228 0.228 

Damage only 0.704 0.686 0.669 0.637 0.617 0.586 0.556 0.556 

Total observed 0.659 0.645 0.631 0.600 0.579 0.555 0.529 0.529 

EPDO 0.534 0.526 0.513 0.478 0.456 0.421 0.406 0.406 

 

Table 10. The correlation coefficient of the sum of the deceleration values indicator (VDM4-correspondent with fourth mode) with 

the number of observed crashes (classified by severity). 

Crash type VDM4 > 0 VDM4 > 0.5 VDM4 > 1 VDM4 > 1.5 VDM4 > 2 VDM4 > 2.5 VDM4 > 3 VDM4 > 3.5 

Fatality 0.266 0.278 0.270 0.231 0.213 0.141 -0.016 0.090 

Injury 0.137 0.140 0.152 0.153 0.144 0.190 0.234 0.245 

Fatality + injury 0.221 0.228 0.235 0.222 0.207 0.221 0.200 0.251 

Damage only 0.689 0.678 0.666 0.634 0.613 0.585 -0.150 0.478 

Total observed 0.640 0.633 0.624 0.594 0.572 0.552 -0.080 0.468 

EPDO 0.507 0.508 0.503 0.470 0.448 0.418 0.005 0.363 
 

Table 11. Results of the correlation test on SSIs and the number of crashes (classified by severity). 

Crash type Fatality Injury Fatality + injury Damage only Total observed EPDO 

Vave -0.406 -0.141 -0.277 -0.774 -0.727 -0.959 

Vave 
2 -0.421 -0.15 -0.29 -0.772 -0.728 -0.943 

Vave 
3 -0.434 -0.154 -0.3 -0.766 -0.725 -0.924 

Vave
2,3 -0.434 -0.154 -0.299 -0.766 -0.725 -0.924 

Vave 
4 -0.445 -0.156 -0.305 -0.757 -0.719 -0.904 

Vvar 0.241 -0.021 0.072 0.198 0.186 0.2 

Vstdv 0.244 0.283 0.342 0.559 0.559 0.486 

Aave 0.06 0.06 0.002 -0.141 -0.12 -0.11 

Avar 0.189 0.303 0.339 0.524 0.528 0.452 

Astdv 0.244 0.283 0.342 0.559 0.559 0.486 

Dave 0.329 0.2 0.3 0.601 0.585 0.516 

Dvar 0.178 0.327 0.356 0.476 0.492 0.432 

Dstv 0.239 0.306 0.36 0.524 0.533 0.476 

J2
ave 0.156 0.332 0.352 0.504 0.515 0.754 

J2
var -0.193 0.461 0.335 -0.09 0.004 -0.017 
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J2
stv -0.118 0.505 0.403 0.062 0.15 0.139 

SDM1ave 0.143 0.225 0.253 0.137 0.178 0.32 

SDM2ave -0.369 0.106 -0.044 -0.328 -0.291 -0.178 

SDM3ave 0.037 0.26 0.243 0.095 0.14 0.286 

SDM4ave -0.156 0.251 0.163 -0.007 0.034 0.187 

SDM1var -0.129 0.394 0.3 -0.078 0.006 -0.011 

SDM2var -0.113 0.202 0.136 -0.277 -0.204 -0.237 

SDM3var -0.132 0.405 0.309 -0.061 0.022 0.004 

SDM4var -0.154 0.408 0.303 -0.067 0.015 -0.004 

SDM1stv -0.085 0.354 0.281 -0.054 0.021 0.010 

SDM2stv -0.153 0.177 0.099 -0.315 -0.245 -0.273 

SDM3stv -0.088 0.363 0.288 -0.037 0.038 0.027 

SDM4stv -0.122 0.362 0.275 -0.052 0.022 0.014 

∆SD
2
ave -0.060 0.069 0.038 0.369 0.324 0.595 

∆SD
2
var -0.122 0.066 0.013 0.317 0.273 0.498 

∆SD
2

stv -0.084 0.125 0.079 0.346 0.314 0.567 

8. Conclusions 

This study evaluated various Surrogate Safety Indicators (SSIs) derived from smartphone GPS data to assess road hazards, 

particularly focusing on mountainous terrains. The comparative analysis of 39 indicators across different modes of calculation 

yielded several critical insights: 

First, simplistic indicators such as average speed are inadequate for safety assessment in mountainous topographies. The inherent 

geometric constraints (steep gradients and sharp curves) naturally lower average speeds in high-risk zones, leading to an inverse or 

insignificant correlation with actual crash frequencies. Instead, measures of traffic turbulence, such as the standard deviation of 

speed and acceleration noise, serve as more reliable indicators of crash potential. 

Second, indicators associated with deceleration proved to be substantially more reliable than those related to acceleration or 

composite speed-deceleration indices. Among the 31 indicators categorized in the second group (Table 11), average deceleration 

(Dave) exhibited the highest correlation with crash occurrences (over 0.6). Furthermore, the average difference of squared velocities 

during deceleration (Δ𝑆𝐷ave2) showed promising results, particularly for EPDO crashes, highlighting the importance of braking 

dynamics in hazard evaluation. 

Ultimately, when comparing the most effective indicators from all groups, the frequency-based indicators significantly 

outperformed value-based or variance-based metrics. The frequency of type-1 deceleration (DNM1), which assigns one count per 

second of deceleration across the entire braking duration, demonstrated the strongest overall correlation with both damaging and 

total observed crashes. Therefore, DNM1 is recommended as the most appropriate and robust surrogate safety indicator for proactive 

road hazard assessment using generalized GPS data. 

9. Limitations and future directions 

While this study successfully utilized the Pearson Correlation Coefficient (PCC) as a straightforward metric to initially screen, 

comparatively evaluate, and rank the proposed surrogate safety indicators, it is important to acknowledge certain methodological 

limitations. First, the primary scope of this research was the comparative ranking of indicators rather than developing predictive 

crash count models. For predictive modelling purposes, future studies should employ advanced count-data regression models, such 

as Poisson or Negative Binomial (NB) models, which are specifically designed to handle the nature of crash frequencies. Second, 

the current analysis did not account for potential spatial autocorrelation among the adjacent 5-km road segments. Addressing spatial 

dependencies using spatial econometric models in future research would be a highly valuable extension to refine the accuracy and 

reliability of the predictive safety models based on these surrogate indicators. 

Furthermore, as this study focused on establishing statistical correlations, the identified indicators were not validated on an 

independent dataset. Future studies should focus on developing predictive models using these indicators and validating their 

predictive power on external datasets. 

Additionally, while this study aimed to identify a generalized indicator across diverse topographies, future studies could perform 

segregated analyses to develop terrain-specific safety indicators and thresholds. 
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A  R  T  I  C  L  E I  N  F  O 

The seismic vulnerability of reinforced concrete (RC) structures designed according to 

outdated standards lacking seismic provisions has been widely documented through 

experimental investigations and post-earthquake observations. Consequently, reliable 

assessment of the seismic performance of such structures and the development of effective 

strengthening strategies remain critical objectives in earthquake engineering. This study 

investigates the seismic behavior of RC frames strengthened using steel angle and strap 

systems through analytical and numerical approaches. A novel sectional moment-

curvature model is developed, incorporating confinement effects from stirrups and steel 

straps as well as local buckling of compressive steel angles. Sectional curvature is 

converted to member rotation to derive plastic hinge properties for nonlinear structural 

analysis. The proposed model is validated against experimental data from existing studies, 

demonstrating strong agreement in predicting flexural and shear behavior. Subsequently, 

the seismic performance of strengthened RC members and structural systems is evaluated 

through nonlinear pushover analysis, with emphasis on performance levels, plastic hinge 

development, and failure mechanisms. Results indicate that the steel angle and strap 

system substantially enhances load-carrying capacity and ductility, leading to improved 

seismic performance and reduced structural vulnerability. These findings confirm the 

effectiveness of the strengthening strategy and provide an analytical framework for 

performance-based seismic assessment and retrofit design of existing RC structures. 
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Nomenclature 

Parameter Description  Parameter Description 

𝐴𝑔 Total area of the section  𝑡1 Thickness of steel angles 

𝐴𝑐𝑜𝑛 Areas of confined regions  𝑡2 Thickness of steel straps 

𝐴𝑢𝑛𝑐 Areas of unconfined regions  𝑣 Poisson’s ratio 

𝐴𝑠1 Area of steel bars at tension  𝑉𝑎𝑛𝑔 Shear strength due to steel angles 

𝐴𝑠2 Area of steel bars at compression  𝑉𝑏𝑎𝑡 Shear strength due to steel straps 

𝑏 Smaller width of the section  𝑣𝑐 Shear stress capacity in compression 

𝑐 Neutral axis  𝑣𝑡 Shear stress capacity in tension 

𝐶𝑐𝑜𝑛 Concrete compressive force  𝑣𝑛 Shear capacity due to concrete 

𝑑𝑏 Diameter of steel bars  𝑉𝑛 Total shear strength 
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𝐸𝑐 Unconfined concrete elastic modulus  𝑥 Axial strain ratio 

𝐸𝑠𝑒𝑐 Modulus of unconfined concrete at the peak  𝛼1 Empirical factor for confinement-induced gain 

𝐸𝑠 Steel elastic modulus  𝛼2 Empirical factor for non-circularity effects 

𝑓𝑐 Concrete axial stress  𝜑 Curvature 

𝑓𝑐
′ Peak strength of unconfined concrete  𝜑𝑦 Yield curvature 

𝑓𝑐𝑐,𝑠𝑗
′  Peak strength of confined concrete  𝜑𝑢 Ultimate curvature 

𝑓𝑗 Confining stress of steel straps  𝜃𝑖 Rotation 

𝑓𝑙 Minimum confinement pressure  𝜃𝑏𝑏 Ultimate rotation capacity 

𝐹𝑙 Maximum confinement pressure  𝜃𝑝_𝑏𝑏 Plastic rotation threshold 

𝑓𝑠 Confining stress of steel stirrups  𝜀0 Axial strain at the peak stage 

𝐹𝑠𝑎 Axial stress at steel angles  𝜀𝑐 Axial strain 

𝑓𝑡 Concrete tensile strength  𝜀𝑐𝑐,𝑠𝑗 Axial strain at the peak stage 

𝑓𝑦𝑎 Yield stress of the steel angles  𝜀𝑙 Lateral/hoop strain 

𝑓𝑦𝑠 Yield stress of steel stirrups  𝜀𝑠 Tensile strain in steel bars 

ℎ Larger width of the section  𝜀𝑠𝑎 Axial strain at steel angles 

𝐾𝑒 Confinement effectiveness factor  𝜀𝑠𝑏 Yield strain of steel straps 

𝐾𝑒,𝑗 Confinement effectiveness factor  𝜀𝑠𝑦 Yield strain of steel stirrups 

𝐿1 Width of steel angles  𝜀𝑦𝑎 Yield strain of steel angles 

𝐿2 Width of steel straps  𝜌𝑗𝑥 Strap reinforcement ratio in x direction 

𝐿𝑒𝑓𝑓 Effective column length  𝜌𝑗𝑦 Strap reinforcement ratio in y direction 

𝐿𝑝 Plastic hinge length  𝜌𝑠𝑥 Stirrup reinforcement ratio in x direction 

𝑀𝑓 Bending capacity  𝜌𝑠𝑦 Stirrup reinforcement ratio in y direction 

𝑀𝑛 Equivalent bending capacity  𝜌𝑡 Total longitudinal reinforcement ratio 

𝑁 Applied axial load  𝜎 Normal stress 

𝑁𝑚𝑎𝑥 Maximum axial capacity  𝜎𝑐 Principal compressive stress 

𝑛𝑐 Local buckling-induced reduction  𝜎𝑡 Principal tensile stress 

𝑠′ Steel stirrup spacing  𝑡1 Thickness of steel angles 

𝑠𝑏 Steel strap spacing  𝑡2 Thickness of steel straps 

1. Introduction 

Evidence from past earthquakes, as well as numerous experimental and analytical studies [1-3] , clearly demonstrates the seismic 

vulnerability of reinforced concrete (RC) structures that were inadequately designed according to outdated codes. It is noteworthy 

that a significant portion of existing RC structures worldwide were constructed prior to the development and enforcement of modern 

seismic design codes; consequently, the seismic provisions embedded in contemporary codes were not considered in their original 

design [4, 5]. Therefore, in order to enhance the seismic performance of existing structures and align them with current performance-

based requirements, it is first essential to identify structural weaknesses and accurately assess seismic behavior, and subsequently, 

if necessary, to implement an appropriate strengthening strategy. 

In recent years, one of the retrofitting methods that has gained considerable attention from researchers and practicing engineers 

is the use of steel angle and strap (or batten) systems. This system not only significantly improves the seismic performance of 

members and the overall structure, but also offers advantages such as cost-effectiveness, ease of material availability, and relatively 

rapid and straightforward implementation [6-12]. Experimental studies by Salman and Al-Sherrawi [6] on RC columns strengthened 

with steel angle and strap systems under lateral loading demonstrated that this retrofitting method enhances the flexural behavior of 

members and substantially increases energy dissipation capacity. Montuori and Piluso [13] and Nagaprasad et al. [14] further 

evaluated the performance of the system through tests on eccentrically loaded strengthened columns. Their results indicated that the 

steel angle and strap system increases flexural strength through the participation of steel angles in resisting tensile and compressive 

forces, while simultaneously improving member ductility by enhancing confinement pressure provided by the straps. Campione et 

al. [15] focused on analytical modeling and proposed a model to estimate the flexural and shear capacity of RC columns strengthened 

with steel angle and strap systems. In this model, the compatibility of strains between the angles and concrete was neglected to 

account for shear stresses, resulting in a more conservative and safer prediction of structural behavior. Moreover, Campione [16], 

through a numerical study, examined the effect of steel angles and straps on the strength and ductility of RC columns, demonstrating 

that reducing the spacing between straps not only increases strength within the axial load-moment interaction domain but also 

significantly improves the ductility of strengthened members due to enhanced lateral confinement, as also confirmed by Shhatha et 

al. [9], Hu et al. [10], Campione [17], Badalamenti et al. [18]. 

The novelty of this study lies in the development of an integrated nonlinear analytical model that explicitly captures the coupled 

behavior of flexure, shear, confinement, and instability mechanisms in RC members strengthened with steel angle and strap systems. 
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At the material level, the model extends conventional confined concrete formulations by incorporating the combined and direction-

dependent confinement effects of stirrups and external steel straps through an iterative procedure for determining effective lateral 

pressure. At the sectional level, it introduces a unified fiber-based moment-curvature framework in which steel angles are fully 

integrated into strain compatibility and force equilibrium, while their compressive behavior includes local buckling effects, enabling 

realistic prediction of post-peak response. Furthermore, the model explicitly couples flexural deformation with shear capacity 

degradation by updating shear resistance as a function of member rotation and accounting for contributions from concrete, stirrups, 

steel straps, and angles. The bar buckling formulation is also extended to include the influence of external confinement. Importantly, 

unlike existing studies that are generally limited to member-level or uncoupled formulations, this work provides a consistent 

framework that captures coupled flexure-shear-confinement behavior and applies it from the sectional level to full structural 

analysis. To the best of the authors’ knowledge, such a comprehensive and unified modeling approach for steel angle and strap  

strengthening systems, validated at both member and structural levels, has not been previously reported. 

The paper first describes the strengthening system and the underlying modeling assumptions, followed by the development of 

the nonlinear analytical framework, including material constitutive relationships and sectional analysis procedures. The proposed 

model is then validated against available experimental results, and subsequently employed to assess the seismic response of multi-

story RC frames before and after strengthening. Finally, the key findings are discussed, and the main conclusions are drawn. 

2. Steel angle and strap strengthening method 

The strengthening system investigated in this study consists of steel angles installed at the corners of columns, which are 

interconnected by steel straps (or batten). This system, by establishing a combined confinement and structural participation 

mechanism, can effectively enhance the seismic performance of RC members. 

 
Fig. 1. Configuration of the steel angle and strap strengthening system. 

The main advantages of the steel angle and strap system can be summarized in three key aspects: 

1. Increased lateral confinement pressure on the concrete core, leading to a significant improvement in member ductility; 

2. Enhanced shear capacity and, when properly designed, the potential to shift the failure from brittle shear to ductile flexure; 

3. Provision of axial resistance (tension and compression) through the steel angles, which subsequently increases the flexural 

capacity of the column section. 

The effectiveness of the steel angle and strap system is directly dependent on the execution and quality of component 

connections. When the system is implemented in a discontinuous manner (as shown in Fig. 1), the steel straps primarily serve to 

provide lateral confinement, and the improvement in member behavior is reflected in enhanced strength and ductility [5]. In this 

case, due to the lack of effective force transfer, the steel angles do not actively participate in resisting tensile and compressive forces. 

In contrast, with continuous implementation of the strengthening system (Fig. 1), the steel angles actively contribute to the flexural 

behavior of the member by resisting both tensile and compressive forces, in addition to the ductility enhancement provided by 

concrete confinement. Therefore, the selection of appropriate detailing and ensuring proper continuity between the steel components 

and the RC member play a decisive role in the effectiveness of this strengthening method. 

3. Steel angle and batten strengthening method 

In this section, the methods used to determine the nonlinear behavior of RC members strengthened with the steel angle and strap 

system are described. Based on the discrete plastic hinge approach [19], the properties of RC members in the moment-rotation 

relationship can be determined through sectional moment-curvature analysis and the subsequent conversion of curvature to rotation. 

To perform this analysis, it is essential to define the nonlinear behavior of the materials used in the member; therefore, the method 

for calculating material properties is presented below. 
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3.1. Confined concrete with stirrups and steel batten 

The steel angle and strap strengthening system, in addition to the transverse reinforcement in the section, can enhance concrete 

behavior by increasing the confinement pressure [6, 8, 20]. The elevated confinement pressure results in improved strength and 

ductility of the reinforced concrete members, with detailed information of its mechanism that can be found in Shayanfar et al. [21], 

Shayanfar et al. [22], Shayanfar et al. [23]. In Fig. 2, the regions of an RC member section subjected to confinement pressure from 

the steel angle and strap strengthening system, as well as transverse reinforcement, are illustrated.  

 
Fig. 2. Sectional regions exposed to confinement provided by angle and batten system as well as stirrups. 

As can be observed in Fig.2, the cross-section of a reinforced concrete member strengthened with a steel angle and steel strip 

system can be divided into two regions based on the confinement pressure [24-26]: (I) Regions subjected to confinement pressure 

from the steel angles and steel strips; (II) Regions subjected to confinement pressure from the steel angles and steel strips in 

combination with the transverse reinforcement. However, in this paper, for the sake of conservatism and simplicity, the confined 

regions located outside the core of the section, which are confined by the aforementioned strengthening system, have been neglected. 

The details of the strengthening system under investigation are illustrated in Fig. 3. The parameters 𝑡1 and 𝑡2 denote the thicknesses 

of the steel angles and steel strips, respectively. The remaining parameters are shown and can be identified in Fig. 3. 

 
Fig. 3. Specimen of a reinforced concrete column strengthened with a steel angle and batten system. 

In this study, the axial stress-strain model for concrete proposed by Mander et al. [27], with some modifications, has been adopted 

to account for the confinement effect by the steel angle and batten system. The formulation can be expressed as Eq. 1. 

𝑓𝑐 =
𝑓′𝑐𝑐,𝑠𝑗𝑥𝑟

𝑟−1+𝑥𝑟   (1) 

where: 

𝑥 =
𝜀𝑐

𝜀𝑐𝑐,𝑠𝑗
  (2) 

𝑟 =
𝐸𝑐

𝐸𝑐−𝐸𝑠𝑒𝑐
  (3) 

𝐸𝑠𝑒𝑐 =
𝑓′𝑐𝑐,𝑠𝑗

𝜀𝑐𝑐,𝑠𝑗  

  (4) 

𝜀𝑐𝑐,𝑠𝑗 = 𝜀0 [1 + 5 (
𝑓′𝑐𝑐,𝑠𝑗

𝑓′𝑐
− 1)]  (5) 

Here, 𝐸𝑐 is the concrete elastic modulus; 𝑓′𝑐 and 𝜀0 are the axial stress and strain at the peak stage of unconfined concrete. The 

maximum compressive strength (𝑓𝑐𝑐,𝑠𝑗
′ ) of concrete confined by the steel angle and strap strengthening system, as well as transverse 

reinforcement, corresponds to 𝜀𝑐𝑐,𝑠𝑗 and can be calculated by Eq. 6. 

𝑓′𝑐𝑐,𝑠𝑗 = 𝛼1𝛼2𝑓′𝑐  (6) 

where: 

Confined by stirrups 

Confined by angles and battens 

Confined by stirrups, and angles and battens 

Steel angle

Steel batten
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𝛼1 = 2.254√1 +
7.94𝐹𝑙

𝑓′𝑐
− 2

𝐹𝑙

𝑓′𝑐
− 1.254  (7) 

𝛼2 = (1.4
𝑓𝑙

𝐹𝑙
− 0.6 (

𝑓𝑙

𝐹𝑙
)

2

− 0.8) √
𝐹𝑙

𝑓𝑙
+ 1  (8) 

In Eq. 1, 𝛼2 is used to account for the effect of varying lateral confinement in the vertical and horizontal directions of the section, 

following the study by Wang and Restrepo [28]. In this equation, 𝑓𝑙 and 𝐹𝑙 represent the minimum and maximum effective lateral 

confinement pressures, respectively, which can be calculated by Eqs. 9 and 10. 

𝑓𝑙 = 𝑚𝑖𝑛(𝑓𝑙,𝑠𝑥 + 𝑓𝑙,𝑗𝑥 , 𝑓𝑙,𝑠𝑦 + 𝑓𝑙,𝑗𝑦)  (9) 

𝐹𝑙 = 𝑚𝑎𝑥(𝑓𝑙,𝑠𝑥 + 𝑓𝑙,𝑗𝑥, 𝑓𝑙,𝑠𝑦 + 𝑓𝑙,𝑗𝑦)  (10) 

where: 

𝑓𝑙,𝑠𝑥 = 𝐾𝑒𝜌𝑠𝑥𝑓𝑠  (11) 

𝑓𝑙,𝑠𝑦 = 𝐾𝑒𝜌𝑠𝑦𝑓𝑠  (12) 

𝑓𝑙,𝑗𝑥 = 𝐾𝑒,𝑗𝜌𝑗𝑥𝑓𝑗  (13) 

𝑓𝑙,𝑗𝑦 = 𝐾𝑒,𝑗𝜌𝑗𝑦𝑓𝑗  (14) 

In the above equation, 𝜌𝑠𝑥 and 𝜌𝑠𝑦 denote the ratios of transverse reinforcement in the horizontal and vertical directions of the 

section, respectively. Similarly, 𝜌𝑗𝑥 and 𝜌𝑗𝑦 represent the ratios of steel straps in the horizontal and vertical directions, respectively. 

The parameter 𝑓𝑗 and 𝑓𝑠 corresponds to the lateral confining stress induced by the steel straps and transverse reinforcement. In 

addition, the coefficients 𝐾𝑒 and 𝐾𝑒,𝑗 represent the confinement effectiveness factors associated with the transverse reinforcement 

and the steel angle and strap strengthening system, respectively, whose values are determined by Eqs. 15 and 16. 

𝐾𝑒 =
(1−∑

𝑤𝑖
2

6𝑏ℎ
𝑛
𝑖=1 )(1−

𝑠′

2𝑏
)(1−

𝑠′

2ℎ
)

1−𝜌𝑡
  

(15) 

𝐾𝑒,𝑗 =
(1−𝜌𝑡−{(ℎ−2𝐿1)2+(𝑏.−2𝐿1)2})

3𝐴𝑔(1−𝜌𝑡)
× (1 −

𝑠𝑏−𝐿2

2ℎ
) (1 −

𝑠𝑏−𝐿2

2𝑏
)  (16) 

The parameter 𝑤𝑖  denotes the clear spacing between adjacent longitudinal reinforcing bars. In addition, 𝐴𝑠𝑣 and 𝐴𝑔 represent the 

total area of transverse reinforcement and the gross cross-sectional area, respectively. The ratio 𝜌𝑡 corresponds to the longitudinal 

reinforcement ratio with respect to the gross sectional area. To determine the lateral confining pressure corresponding to the 

maximum compressive strength of concrete, a novel procedure is proposed, which is described in the following section. 

1. Assume an initial value for the axial strain of concrete 𝜀𝑎. 

2. Convert the axial concrete strain to the corresponding lateral strain (parallel to the member cross-section) in the steel straps 

and transverse reinforcement, 𝜀𝑙, assuming a Poisson’s ratio equal to 0.5 [29, 30]. 

3. Calculate the stress developed in the steel batten.  

4. Calculate the stress developed in the transverse reinforcement. 

5. Determine the lateral confinement pressure induced by the steel angle and batten system using Eqs. 13 and 14. 

6. Determine the lateral confinement pressure provided by the transverse reinforcement using Eqs. 11 and 12. 

7. Calculate the maximum compressive strength of concrete based on Eq. 6. 

8. Determine the axial strain corresponding to the maximum compressive strength of concrete using Eq. 5. 

9. Compare the assumed axial strain in Step (1) with the axial strain obtained in Step (8). 

𝜀𝑙 = 0.5 × 𝜀𝑎  (17) 

𝑓𝑗 = 𝐸𝑗 × 𝜀𝑙  𝜀𝑙 ≤ 𝜀𝑦𝑏  (18) 

𝑓𝑗 = 𝑓𝑦𝑗  𝜀𝑙 > 𝜀𝑦𝑏  (19) 

𝑓𝑠,𝑗 = 𝐸𝑠 × 𝜀𝑙  𝜀𝑙 ≤ 𝜀𝑠𝑦  (20) 

𝑓𝑠,𝑗 = 𝑓𝑦𝑠 𝜀𝑙 > 𝜀𝑠𝑦  (21) 
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If the axial strain assumed in Step (1) shows adequate convergence with the value obtained in Step (8), the concrete stress-strain 

behavior can be evaluated using Eq. 1, based on the maximum compressive strength determined in Step (7) and the corresponding 

axial strain obtained in Step (8). Otherwise, a new value for the axial strain is assumed in Step (1), and the calculation procedure is 

repeated until convergence is achieved. 

3.2. Local buckling of compressed steel angles 

Based on previous studies [13, 14, 18, 20, 31], the effects of local buckling must be considered in the moment-curvature analysis 

of steel angles under compression used in strengthening systems. In the present study, the analytical model proposed by Campione 

[17] is adopted, which is based on the findings of Badalamenti et al. [18] and accounts for the influence of local buckling on the 

nonlinear behavior of compressed steel angles. According to this model, the stress-strain relationship of the compressed steel angles 

is defined by Eqs. 22 and 23. 

𝑚𝑖𝑛(𝐸𝑠𝜀𝑠, 𝑛𝑐
 𝑓𝑦𝑎)  𝜀𝑠 ≤ 𝜀𝑦𝑎  (22) 

𝑚𝑖𝑛(𝑓𝑦𝑎, 𝑛𝑐
 𝑓𝑦𝑎)  𝜀𝑠 > 𝜀𝑦𝑎  (23) 

where: 

𝑛𝑐 =
1

√2𝜀𝑠−𝜀𝑠
2

{0.5
𝐿1𝑡1

𝑠𝑏𝑡2
(1 − 0.5

𝑅

𝑓𝑦𝑎
) − 𝐶}  (24) 

𝑅 = 𝑚𝑖𝑛(𝜀𝑠𝐸𝑠 , 𝑓𝑦𝑎)  (25) 

𝐶 = 0.47
𝐸𝑠𝜀𝑠

𝑡2𝑏𝑓𝑦𝑎
(

𝑒
[−1.5(

𝑠𝑏
𝑏 )]

[
𝐿1

(𝑠𝑏𝑡1)
]+[

(0.5𝑏−𝐿1)

(𝐿2𝑡2)
]
)  (26) 

where 𝑓𝑦𝑎  denotes the yield stress of the compressed steel angles corresponding to the compressive strain 𝜀𝑦𝑎. By modifying the 

stress-strain relationship of the compressed angles, when the local buckling mechanism initiates (0 < 𝑛𝑐 < 1), a decrease in 𝑛𝑐 leads 

to a reduction in the longitudinal stress and, consequently, the compressive force developed in the steel angles. This reduction in 

longitudinal stress directly affects the strain compatibility and force equilibrium relationships. 

 
Fig. 4. Longitudinal stress-longitudinal strain relationship of steel angles under compression. 

3.3. Moment-curvature analysis 

In this section, the theoretical framework and analytical procedure for performing moment-curvature analysis of an RC member 

strengthened with a steel angle and steel strip system are presented. Moment-curvature analysis is a sectional nonlinear analysis 

method used to characterize the flexural response of structural members. It establishes the relationship between the applied bending 

moment and the resulting curvature of the cross-section, thereby enabling evaluation of stiffness degradation, yielding progression, 

confinement effects, and ultimate flexural capacity. 

The method is particularly suitable for composite or strengthened sections, where multiple materials with distinct constitutive 

laws interact. In the present study, by following Shayanfar et al. [32], Shayanfar et al. [33], Shayanfar et al. [34], a fiber-based 

sectional modeling approach is employed. In this technique, the cross-section is discretized into numerous small fibers, each 

assigned an appropriate uniaxial stress-strain relationship according to its material type (confined concrete, unconfined concrete, 

longitudinal reinforcement, and steel angles). Under the assumptions of strain compatibility and plane sections remaining plane, the 

strain distribution across the depth of the section is determined from the imposed curvature. The internal forces are then obtained 

by integrating the stresses over the sectional area, and equilibrium with the applied axial load is enforced to compute the 

corresponding bending moment [35]. Fig. 5 schematically illustrates the fiber-section model of a reinforced concrete member 

strengthened with the steel angle and steel strip system. In Fig. 5, 𝐹𝑠𝑎 and 𝑓𝑠𝑎 denote the longitudinal force and longitudinal stress 

in the steel angles at the section level, respectively. The remaining variables, including sectional geometry, strain distribution, and 

internal force components, are defined within Fig. 5. 

All dimensions are in mm
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Fig. 5. Fiber analysis of a reinforced concrete member strengthened with a steel angle and steel strip system: (a) cross-section; (b) 

distribution of longitudinal strains; (c) distribution of longitudinal stresses; and (d) distribution of compressive and tensile forces 

within the section. 

The moment-curvature analysis procedure employed in this study can be summarized as follows: 

1. Assume a value for the concrete strain at the extreme fiber of the section. 

2. Assume a value for the neutral axis position, 𝑐. 

3. Calculate the total compressive forces in the concrete, the tensile and compressive forces in the longitudinal reinforcement, 

and the tensile and compressive forces in the steel angles (Eqs. 27 to 29). 

𝐶𝑐𝑜𝑛 = ∑ 𝑓𝑐(𝑥)𝑏 𝑡𝑠  (27) 

𝐹𝑠𝑖 = ∑ 𝑓𝑠𝑖𝐴𝑠𝑖  (28) 

𝐹𝑠𝑎 = ∑ 2𝑓𝑠𝑎𝐿1𝑡1  (29) 

4. Check the force equilibrium in the section (𝐶𝑐 + 𝐹𝑠𝑖 + 𝐹𝑠𝑎 − 𝑁 = 0). If the sum 𝐶𝑐 + 𝐹𝑠𝑖 + 𝐹𝑠𝑎 is close to the applied axial 

force, the assumed neutral axis position is correct. Otherwise, a new value for the neutral axis position must be assumed. 

5. Calculate the bending moment (Eq. 30), in which 𝑑𝑖 and 𝑑𝑎𝑖  are the distances of the steel bar and steel angles to the top of 

the section. 

𝑀𝑓 = ∑ 𝑓𝑐(𝑥)𝑏 𝑡𝑠𝑥𝑖 + ∑ 𝐹𝑠𝑖 (
ℎ

2
− 𝑑𝑖) + ∑ 𝐹𝑠𝑎 (

ℎ

2
− 𝑑𝑎𝑖)  (30) 

6. Curvature Calculation (Eq. 31) 

𝜑𝑖 =
𝜀𝑐

𝑐
  (31) 

7. Assume a new value for the concrete strain at the extreme fiber of the section, and repeat the process until the strain in a 

fiber of the confined region reaches its maximum value. 

8. Determine the moment-curvature relationship. 

Using the above procedure, the moment-curvature relationship of the RC member strengthened with the steel angle and strap 

system can be obtained. By converting this relationship into a moment-rotation relationship based on the plastic hinge approach 

(Fig. 6), the properties of plastic hinges can be derived. The rotation of the RC member corresponding to each curvature level can 

be calculated by Eqs. 32 and 33). 

𝜃𝑖 =
𝜑𝑖×𝐿𝑒𝑓𝑓

2
  𝜑𝑖 < 𝜑𝑦  (32) 

𝜃𝑖 =
𝜑𝑦×𝐿𝑒𝑓𝑓

2
+ (𝜑𝑖 − 𝜑𝑦) × 𝐿𝑝  𝜑𝑖 ≥ 𝜑𝑦  (33) 

where: 

𝐿𝑒𝑓𝑓 = 𝐿 + 0.022𝑓𝑠𝑑𝑏          𝑓𝑠 ≤ 𝑓𝑦  (34) 

𝐿𝑝 = 0.08𝐿 + +0.022𝑓𝑦𝑑𝑏 ≥ 0.044𝑓𝑦𝑑𝑏  (35) 

Here, 𝜑𝑦 and 𝜑𝑢 represent the yield and ultimate curvature of the transverse reinforcement, respectively. The plastic hinge length 

of the member, 𝐿𝑝, is calculated based on the relationship proposed by Paulay and Priestly [36]. 𝐿 is the distance between the 

maximum and zero moment, produced in the member.  
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Fig. 6. Plastic hinge approach. 

3.4. Shear behavior of RC member with steel angle and batten strengthening method 

Insufficient shear capacity in RC members such as beams and columns can lead to nonlinear behavior and a brittle shear failure 

mechanism [37-39]. The formation of diagonal shear cracks in RC columns and the subsequent reduction in axial load-carrying 

capacity may cause axial failure of these members, thereby increasing the vulnerability of the structure to seismic actions. 

Conversely, increased flexural deformations and rotations of the member, accompanied by the development of diagonal tensile 

cracks, can reduce shear capacity. Under seismic loading, as flexural deformations and rotations increase, after yielding of the 

longitudinal tensile reinforcement, the width of flexural cracks grows and tensile crushing and cracking of concrete occur in 

compressive zones of the section [1, 40-42]. Moreover, with the increase in flexural deformations, the height of the neutral axis 

decreases, which can further reduce the shear capacity of the RC member. Therefore, simulation of the shear mechanism in nonlinear 

analysis of structural members as a function of flexural deformations is necessary and constitutes one of the objectives of this paper. 

For a member strengthened with a steel angle and steel strip system, in addition to stirrups and concrete, the steel strips and angles 

also contribute to the shear capacity of the member. Accordingly, in this study, to determine the contribution of the angles and strips 

to shear resistance, the model proposed by Campione et al. [15] has been employed, which is expressed in the following equations. 

𝑉𝑎𝑛𝑔𝑙𝑒𝑠 = 𝑐1
𝐿1

2×𝑡1

2×𝑠𝑏
𝑓𝑦𝑎  (36) 

𝑉𝑏𝑎𝑡𝑡𝑒𝑛 = 𝑐2
2𝐿2×𝑡2×𝑑

𝑠𝑏
𝑓𝑦𝑏  (37) 

where: 

𝑐1 =
1

1+[(
𝐿2
𝐿1

)
3

×
𝑡2𝑠𝑏

𝑡1(𝑏−2𝐿1)
]
  (38) 

𝑐2 = 1 −
𝑁

𝑁𝑚𝑎𝑥
  (39) 

In the above equations, 𝑓𝑦𝑏 represent the yield stresses of the steel angles and steel strips, respectively. 𝑁𝑚𝑎𝑥  denotes the 

maximum axial capacity of the member strengthened with the steel angle and steel strip system, which in this study is calculated by 

Eq. 40. 

𝑁𝑚𝑎𝑥 = 𝑓′𝑐𝑐  𝐴𝑐𝑜𝑛 + 0.85𝑓′𝑐  𝐴𝑢𝑛𝑐 + 𝑓𝑦𝐴𝑠𝑡 + 8𝑛𝑎𝑓𝑦𝑎𝐿1𝑡1  (40) 

In which, based on studies by Campione [15-17]: 

0 ≤ 𝑛𝑎 =
1

2𝑓𝑦𝑎𝐿1𝑡1
√4𝐿1𝑓𝑦𝑎 (𝐿1

2𝑡1𝑓𝑦𝑎 − 2√2
𝐿2𝑡2𝑠𝑏𝑓𝑦𝑏

3𝐿1
𝑒

(−1.5
𝑠𝑏
𝑏

)
) ≤ 1  (41) 

In the above relations, 𝐴𝑐𝑜𝑛  and 𝐴𝑢𝑛𝑐 denote the areas of confined and unconfined regions, respectively. The coefficient 𝑛𝑎 

accounts for the effects of angle buckling on the compressive force contributed by the angles. To determine the concrete contribution 

to shear capacity, various models have been proposed in the technical literature [20, 43-47]. However, since significant regions of 

the member cross-section are affected by confinement pressure from the steel strips and their interaction with stirrups as functions 

of eccentricity, the aforementioned models do not appear fully efficient.  

In the present study, the shear model proposed by Shayanfar and Akbarzadeh Bengar [19] which determines the concrete shear 

capacity based on fiber analysis, has been extended to compute the concrete contribution to shear capacity in an RC member 

strengthened with a steel angle and steel strip system. By adopting Mohr’s circle theory, the principal compressive (𝜎𝑐) and tensile 

(𝜎𝑡) stresses in an element under normal (axial) stress 𝜎 and shear stress 𝜈 of the RC member cross-section (Fig. 7) can be determined 

by Eqs. 42 and 43. 

𝜎𝑐 =
𝜎

2
+ √

𝜎2

4
+ 𝜈2 ≤ 𝑓𝑐𝑐  (42) 

𝜎𝑡 =
𝜎

2
− √

𝜎2

4
+ 𝜈2 ≤ 𝑓𝑡  (43) 
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Here, 𝑓𝑐𝑐 and 𝑓𝑡 represent the compressive and tensile failure surfaces, respectively, which have been defined based on the model 

proposed by Park et al. [48] and the Rankine failure criterion. The tensile strength 𝑓𝑡 has been taken equal to 𝑓𝑡 = 0.292√𝑓′𝑐 

according to the study conducted by Shayanfar and Akbarzadeh Bengar [19]. 

 
Fig. 7. Rankine failure criteria adopted for concrete. 

By rewriting Eqs. 42 and 43, the shear stress capacity of an element located in the compression zone of the section can be 

expressed as shown in Eqs. 44 to 46. 

𝜈𝑐(𝑦𝑖) = √𝜎𝑐[𝜎𝑐 − 𝜎(𝑦𝑖)]  Contributed by compression (44) 

𝜈𝑡(𝑦𝑖) = √𝜎𝑡[𝜎𝑡 + 𝜎(𝑦𝑖)]  Contributed by tension (45) 

𝑣𝑛 = ∑ 𝜈(𝑦𝑖) = ∑ 𝑚𝑖𝑛(√𝜎𝑡[𝜎𝑡 + 𝜎(𝑦𝑖)], √𝜎𝑐[𝜎𝑐 − 𝜎(𝑦𝑖)])  (46) 

where 𝑦𝑖 is the distance of each element within the compression zone from the neutral axis 𝑐, which is determined through fiber 

section analysis. The shear stress capacity contribution of concrete in each strip of the compression zone, 𝑣(𝑦𝑖), is taken as the 

smaller value between 𝜈𝑐,𝑖(𝑦𝑖) and 𝜈𝑡,𝑖(𝑦𝑖). Accordingly, for each assumed neutral axis depth, the total shear strength of the RC 

member (considering the contributions of concrete, steel angles, steel batten, and transverse reinforcement) can be determined as 

shown in Eq. 47. 

𝑉𝑛 = ∑ 𝑣(𝑦𝑖) × 𝑏 × 𝑡𝑦]
𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒

+ 𝑐1
𝐿1

2×𝑡1

2×𝑠𝑏
𝑓𝑦𝑎]

𝐴𝑛𝑔𝑙𝑒
+ 𝑐2

2𝐿2×𝑡2×𝑑

𝑠𝑏
𝑓𝑦𝑏]

𝐵𝑎𝑡𝑡𝑒𝑛
+

𝐴𝑠𝑣𝑓𝑠𝑦𝑑𝑠

𝑠
]

𝑆𝑡𝑖𝑟𝑟𝑢𝑝
  (47) 

where 𝑡𝑦 denotes the thickness of each fiber element in the vertical direction. 

To define the plastic hinge properties of RC members while accounting for shear mechanism effects, the shear contribution is 

incorporated into the flexural moment-rotation relationship by multiplying the shear capacity by the shear span, 𝐿 (Eq. 48). 

𝑀𝑛 = 𝑉𝑛 × 𝐿 (48) 

Using this approach, the influence of shear can be introduced into the member’s flexural moment-rotation response. Fig. 8 

illustrates the interaction between nonlinear flexural and shear behaviors in RC members, both strengthened and unstrengthened. 

As shown in the figure, the shear capacity of the member is a function of its rotation; specifically, with increasing member rotation, 

the shear capacity decreases. Furthermore, three distinct nonlinear behavioral modes (flexural failure, flexural-shear failure, and 

shear failure) can be determined by comparing the shear and flexural capacities of the member. Therefore, through the 

aforementioned procedure, the effects of the shear mechanism in RC members can be simulated by means of an equivalent flexural 

plastic hinge or a rotational spring model. 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Interaction between flexural and shear behaviors: (a) shear failure; (b) flexural-shear failure; and (c) flexural failure. 
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3.5. Longitudinal reinforcement buckling 

In this section, a procedure is presented to simulate the effects of longitudinal reinforcement buckling on the seismic response 

of an RC member strengthened with a steel angle and steel strip system. In this paper, the model proposed by Berry and Eberhard 

[49] has been adopted to simulate longitudinal bar buckling. According to this model, the maximum rotation capacity of an RC 

member is governed by the onset of longitudinal reinforcement buckling. The steel angle and strip strengthening system, similar to 

transverse reinforcement (stirrups), can act as a lateral restraint for the longitudinal bars, thereby delaying the buckling mechanism 

[50]. In this study, the Berry and Eberhard [49] buckling model has been extended to account for the influence of steel angles and 

strips on the buckling phenomenon. Accordingly, the plastic rotation at the onset of longitudinal bar buckling can be determined by 

Eq. 49. 

𝜃𝑝_𝑏𝑏 = 𝐶0(1 + 𝐶1𝜌𝑒𝑓𝑓,𝑓) (1 + 𝐶2
𝑁

𝐴𝑔𝑓′𝑐
)

−1

(1 + 𝐶3
𝐿

ℎ
+ 𝐶4

𝑓𝑦𝑑𝑏

ℎ
)  (49) 

where: 

𝜌𝑒𝑓𝑓,𝑗 =
𝑓𝑦𝑣𝜌𝑠+0.85𝑓𝑦𝑏𝜌𝑠,𝑏

𝑓𝑐
  (50) 

In these expressions, 𝐶0, 𝐶1, 𝐶2, 𝐶3, and 𝐶4 are constants proposed by Berry and Eberhard [49], equal to 0.019, 1.65, 1.797, 

0.012, and 0.072, respectively. The parameters 𝜌𝑠 and 𝜌𝑠,𝑏 denote the volumetric ratios of stirrups and steel strips, respectively. The 

coefficient 0.85 in Eq. 50 reflects the relatively lower effectiveness of the external steel angle-strip strengthening system compared 

with internal stirrups in restraining longitudinal bar buckling, due to its installation outside the section core. Finally, the ultimate 

rotation of the strengthened member corresponding to longitudinal reinforcement buckling can be calculated by Eq. 51. 

𝜃𝑏𝑏 =
𝜑𝑦𝐿

2
+ 𝜃𝑝_𝑏𝑏  (51) 

Therefore, the ultimate rotation capacity of the RC member can be controlled by the aforementioned buckling criterion. 

3.6. Ultimate conditions of nonlinear analysis  

In this section, the criteria considered in this paper for defining the ultimate conditions of the nonlinear analysis of an RC member 

are described. To perform the moment-curvature analysis in accordance with the proposed model, it is necessary to define 

termination criteria at which the nonlinear analysis is stopped. In this paper, the stopping criteria are defined as follows: 

1. When the longitudinal strain of concrete at the extreme fiber of the confined compression zone reaches the ultimate 

longitudinal strain of confined concrete, the moment-curvature analysis is terminated. 

2. When the longitudinal strain in the tensile longitudinal reinforcement reaches the maximum steel strain, the moment-

curvature analysis is terminated. 

3. When the longitudinal strain in the tensile steel angles reaches the maximum steel strain, the moment-curvature analysis is 

terminated. 

4. In the case of shear failure, based on the studies by Williams and Sexsmith [51] and Park et al. [48], the maximum member 

rotation corresponds to 80% of the maximum member strength at the intersection point of the shear and flexural capacity 

curves. 

5. If a reduction greater than 20% occurs in the flexural capacity of the member, the moment-curvature analysis is terminated. 

6. When the member rotation exceeds the longitudinal reinforcement buckling limit, the moment-curvature analysis is 

terminated. 

Thus, by employing the above criteria, the ultimate conditions for terminating the moment-curvature analysis can be defined. 

4. Validation of the proposed model for nonlinear behavior of strengthened columns 

For validation purposes, the experimental study conducted by Li et al. [52] on RC columns strengthened with a steel angle and 

steel strip system under constant axial load was utilized. The tested columns had a concrete compressive strength of 32.7 MPa. The 

experimental program included specimens strengthened using a steel jacket composed of steel angles at the corners connected by 

transverse steel strips. The applied axial loads ranged from 180 kN to 420 kN, corresponding to axial load ratios between 0.13 and 

0.29. Two types of steel angles were used in the strengthening scheme: Angle 1 (40 × 40 × 4 mm, yield strength 350 MPa) and 

Angle 2 (30×30×3 mm, yield strength 338.5 MPa). Angle 2 was used only in specimen B223, while the remaining strengthened 

specimens utilized Angle 1. The steel strips had a cross-section of 30 × 3 mm with a yield strength of 533.3 MPa. The longitudinal 

reinforcement consisted of 14-mm diameter bars with a yield strength of 384.8 MPa, while the transverse reinforcement consisted 

of 8-mm diameter stirrups with a yield strength of 326.9 MPa. All tested specimens exhibited flexural failure modes. Further details 

regarding specimen geometry and test configuration are provided in Li et al. [52]. To validate the proposed nonlinear model, the 

predicted moment-axial force interaction diagrams were compared with the experimental results reported by Li et al. [52] in Fig. 9. 

The comparison indicates good agreement between analytical predictions and experimental data for different axial load levels. This 
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consistency confirms the reliability of the proposed modeling approach and supports the assumptions adopted in the nonlinear 

analysis of RC members strengthened with the steel angle and strip system. 

  

  

Fig. 9. Results of the nonlinear model for the column specimens tested by Li et al. [52]. 

Nagaprasad et al. [14] conducted experimental tests on steel-jacketed RC columns subjected to constant axial load and lateral 

loading. The specimens were strengthened using a steel angle and strip configuration, and all exhibited flexural failure. The concrete 

compressive strength was reported as 37.7 MPa. The experimental program included measurements of material properties for 

longitudinal reinforcement, transverse reinforcement, and the steel strengthening components, which were used to characterize the 

mechanical behavior of the specimens. Further experimental details are available in Nagaprasad et al. [14]. To validate the proposed 

nonlinear model, analytical predictions were compared with the experimental results. 

As shown in Fig. 10, the moment-axial force interaction diagrams generated by the model showed satisfactory agreement with 

the test data across different loading conditions. This consistency confirms the capability of the model to capture the nonlinear 

response of strengthened RC columns and supports the assumptions adopted in the analytical formulation. The validation results 

demonstrate the reliability of the proposed modeling approach for predicting the behavior of members strengthened with steel angle 

and strip systems under combined axial and lateral loading. 

  
Fig. 10. Comparison between nonlinear analysis results and experimental data reported by Nagaprasad et al. [14]. 

Germano et al. [53] conducted experimental tests on RC columns subjected to constant axial load and lateral displacement. The 

specimens differed in transverse reinforcement detailing (types A and C) to investigate the influence of stirrup configuration on 

structural response. The columns had a height of 1800 mm and a shear span of 1565 mm, and all specimens exhibited flexural 
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failure. Experimental load-displacement responses were reported and used for model validation. Based on Fig. 11, the comparison 

between analytical predictions and test results demonstrates satisfactory agreement in terms of lateral stiffness, peak resistance, and 

displacement capacity. The nonlinear model successfully captures the overall load-displacement behavior and seismic response 

characteristics of the tested columns. Although minor deviations were observed in the prediction of initial stiffness for one specimen, 

the model provides reliable estimations of ultimate strength and ductility. These results confirm the applicability of the proposed 

analytical approach for assessing the nonlinear behavior of RC columns under lateral loading conditions. 

  

  
Fig. 11. Load-displacement results from nonlinear analysis compared with experimental data for column specimens tested by 

Germano et al. [53]. 

A single-span, two-storey reinforced concrete frame with a fixed base was experimentally studied by Duong et al. [54]. Lateral 

displacement was imposed at the second-storey beam to evaluate seismic behavior. The concrete compressive strength was measured 

as 42.9 MPa, and further experimental details are available in the original publication. For validation of the analytical procedure, 

nonlinear simulations were performed using two modeling approaches: (I) a model in which shear effects were neglected, and 

member response was assumed to be governed solely by flexure, and (II) a model incorporating shear effects according to the 

procedure adopted in this study. Based on Fig. 12, the comparison of numerical and experimental load-displacement responses 

indicates satisfactory agreement when shear effects are included, with the model accurately capturing stiffness degradation and 

ultimate displacement capacity. Conversely, exclusion of shear effects resulted in significant discrepancies in the predicted structural 

response. Both strength and ductility were inadequately represented, and the experimentally observed failure mechanisms – shear 

failure in the beams and flexural cracking in the columns – could not be reproduced with sufficient accuracy. These results 

demonstrate that consideration of shear effects is essential for realistic simulation of nonlinear behavior and failure modes in RC 

frames. 

 
Fig. 12. Comparison of force-displacement responses of the frame: experimental results (Duong et al. [54]) and numerical analysis. 
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5. Evaluation of the steel angle and strip strengthening system at the structural level 

In this section, the influence of the steel angle and strip strengthening system on the seismic performance of reinforced concrete 

structures is investigated. Three RC frame structures with four, six, and eight stories and three spans were designed, each with a 

story height of 3 m and a span width of 5 m. The configurations of the four-, six-, and eight-story frames (denoted as frames A, B, 

and C, respectively) are illustrated schematically in Fig. 13. The structural design was carried out in accordance with the Iranian 

seismic code, adopting standard equivalent static procedures for seismic load determination, with a lateral force distribution 

consistent with an inverted triangular pattern along the height of the structures. In the design process, the total dead load and a 

representative portion of the live load were considered in combination with the seismic loads, and member stiffness properties were 

defined in line with standard reinforced concrete design provisions (e.g., ACI-based practice). A notable characteristic of these 

structures is the relatively large spacing between transverse reinforcement (stirrups), which results in reduced confinement of the 

concrete core. The dimensions and reinforcement details for the beam and column sections (sections A-F) are summarized in Table 

1. The notations 𝐴𝑠,𝑡𝑜𝑝 and 𝐴𝑠, bot represent the areas of reinforcement at the top and bottom of the beam sections, respectively. 

The longitudinal reinforcement arrangement is specified as 16 bars of 25 mm diameter (denoted as n16φ25). The concrete 

compressive strength and the yield and ultimate strengths of the longitudinal and transverse reinforcement were taken as 25 MPa, 

420 MPa, and 650 MPa, respectively. The diameter of the stirrups was 10 mm, consistent with the reinforcement details provided 

in Table 1. In all stories, three layers of stirrups were provided in the beam-column joint regions to enhance confinement and mitigate 

diagonal cracking within the joint core. Based on previous studies [3, 55], this reinforcement detailing is sufficient to improve shear 

resistance and reduce joint damage, thereby justifying the assumption of rigid joint behavior in the analysis. The seismic design of 

the frames was based on a design ground acceleration of 0.3 g and soil type III, corresponding to a high seismic hazard zone. The 

base shear was determined in accordance with the seismic design provisions. Dead and live loads were considered as 30 kN/m and 

10 kN/m, respectively, in the structural design. This structural configuration enables evaluation of the effectiveness of the steel 

angle and strip strengthening system in enhancing seismic performance and mitigating damage under lateral loading conditions. 

   
(a) (b) (c) 

Fig. 13. Geometric configuration of the studied structures: (a) four-story frame (frame A); (b) six-story frame (frame B); and (c) 

eight-story frame (frame C). 

In the nonlinear analysis performed in SAP2000 Version 20.2.0 [56], the plastic hinges assigned to beams and columns were 

defined as user-defined hinges based on the proposed analytical model. Specifically, M3 hinges were assigned to beam elements 

and P-M3 interaction hinges were assigned to column elements. Although these hinges are classified as flexural hinges, their 

defining properties were derived from the proposed model, which inherently incorporates the influence of shear behavior, 

confinement effects, and material nonlinearities in the moment-curvature response used to define hinge properties. The hinges were 

located at a distance equal to 50% of the plastic hinge length from the element ends, which is consistent with common modeling 

practice to represent the development of inelastic rotations away from the critical section. The hinge behavior, including yield and 

post-yield characteristics, was directly informed by the analytical formulation presented in the study, ensuring consistency between 

the sectional modeling and the global structural response. In the studied frames, the strengthening strategy is focused on improving 

the seismic performance of the structure and enhancing nonlinear behavior at the locations of plastic hinge formation. Tables 2 to 4 

present the details of the steel angles and steel strips designed for the four-, six-, and eight-story frames. 

 Fig. 14 illustrates an example of the steel angle and strip configuration in frame F, first story, at an interior beam-column joint. 

It should be noted that in all members, the spacing of steel strips within the plastic hinge region was designed as 200 mm, while 

outside this region it was increased to 350 mm. The strengthening system was designed as a continuous configuration in all frames, 

allowing the steel angles to contribute to both tensile and compressive load transfer. This continuity enhances the flexural capacity 

of the members and improves overall seismic performance. 

 

 

D 

E 

E 

E 

F 

B 

B 

C 

C 

C 

C 

C 

F 

  

 
 

D 

E 

E 

F 

F 

A 

A 

B 

C 

C 

C 

F 

 

 

 

D 

D 

D 

D 

E 

E 

F 

F 

A 

A 

B 

B 

C 

C 

C 

C 



Dashtaki et al. Civil Engineering and Applied Solutions, 2027; 3(2): 49–68 
 

62 

Table 1. Dimensions and reinforcement details of sections (A to F). 

Section Type 𝒃 (mm) 𝒉 (mm) 𝑨𝒔𝒕 𝑨𝒔,𝒕𝒐𝒑 𝑨𝒔,𝒃𝒐𝒕 Stirrup 

A-A Column 600 600 n16φ25 – – d10@450 

B-B Column – – n16φ18 – – – 

C-C Column 500 500 n16φ16 – – – 

D-D Beam – – – n4φ25 n6φ25 d10@140 

E-E Beam – – – n4φ22 n6φ22 d10@175 

F-F Beam – – – n3φ18 n6φ18 d10@250 

 

Table 2. Steel angle and strip details for frame D. 

Story 
External angle 

(beam) 

External angle 

(column) 

External strip 

(beam) 

External strip 

(column) 

Internal angle 

(beam) 

Internal angle 

(column) 

Internal strip 

(beam) 

Internal strip 

(column) 

1 4 × 40 × 40 6 × 60 × 60 4 × 40 5 × 50 4 × 40 × 40 6 × 60 × 60 4 × 40 5 × 50 

2 – 8 × 80 × 80 – 7 × 70 – 8 × 80 × 80 – 7 × 70 

3 – 3 × 30 × 30 – 3 × 30 – 5 × 50 × 50 – 5 × 50 

4 – 3 × 30 × 30 – 3 × 30 – 3 × 30 × 30 – 3 × 30 

 

Table 3. Steel angle and strip details for frame E. 

Story 
External angle 

(beam) 

External angle 

(column) 

External strip 

(beam) 

External strip 

(column) 

Internal angle 

(beam) 

Internal angle 

(column) 

Internal strip 

(beam) 

Internal strip 

(column) 

1 – 5 × 50 × 50 – 4 × 40 – 5 × 50 × 50 – 4 × 40 

2 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 4 × 40 × 40 5 × 50 × 50 4 × 40 4 × 40 

3 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 

4 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 

5 – 4 × 40 × 40 – 3 × 30 – 4 × 40 × 40 4 × 40 3 × 30 

6 – – – – – – – – 

 

Table 4. Steel angle and strip details for frame F. 

Story 
External angle 

(beam) 
External angle 

(column) 
External strip 

(beam) 
External strip 

(column) 
Internal angle 

(beam) 
Internal angle 

(column) 
Internal strip 

(beam) 
Internal strip 

(column) 

1 4 × 40 × 40 7 × 70 × 70 4 × 40 6 × 60 4 × 40 × 40 5 × 50 × 50 5 × 50 4 × 40 

2 5 × 50 × 50 4 × 40 × 40 5 × 50 3 × 30 5 × 50 × 50 4 × 40 × 40 4 × 40 3 × 30 

3 5 × 50 × 50 4 × 40 × 40 5 × 50 3 × 30 5 × 50 × 50 4 × 40 × 40 4 × 40 3 × 30 

4 5 × 50 × 50 4 × 40 × 40 5 × 50 3 × 30 5 × 50 × 50 4 × 40 × 40 4 × 40 3 × 30 

5 4 × 40 × 40 4 × 40 ×40 4 × 40 3 × 30 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 

6 4 × 40 × 40 4 × 40 × 40 4 × 40 3 × 30 4 × 40 × 40 5 × 50 × 50 5 × 50 4 × 40 

7 – – – – – – – – 

8 – – – – – – – – 

 

 
Fig. 14. Example of the steel angle and strip strengthening configuration in frame F, first story, interior beam-column joint. 

In this sense, the geometry and mechanical properties of the strengthening elements are not arbitrary inputs, but are the direct 

outcome of a performance-driven design process. It should be emphasized that there is no unique or closed-form solution for 

selecting the strengthening layout, as the response depends on load distribution, members’ capacity, and the interaction between 

confinement, flexural resistance, and shear capacity at both member and structural levels. Therefore, the adopted iterative approach 

represents a rational and standard methodology in performance-based seismic design, ensuring that the final configuration is both 

efficient and consistent with the targeted performance objective. 
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5.1. Seismic behavior of structures A to F 

In this section, the nonlinear response and seismic performance of the RC structures (Frames A to F) are evaluated before and 

after strengthening with the steel angle and shear strip system. The parameters of interest include the load-displacement behavior, 

seismic performance, and plastic hinge formation patterns at the performance point and ultimate deformation state. Nonlinear static 

analysis was conducted using SAP2000 Version 20.2.0 [56], and plastic hinges were defined in accordance with the procedures 

described in this study. A triangular lateral load distribution was applied. Fig. 15 presents the results of nonlinear analysis in terms 

of lateral load-displacement response and the distribution of plastic hinges at the ultimate state. For the four-story frame, the results 

indicate that frame A exhibits improved strength and ductility after strengthening. 
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Fig. 15. Load-displacement response and corresponding damage pattern at the ultimate state. 
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The damage pattern shows that plastic hinges form in all columns prior to strengthening, with rotations in the second and third 

stories being more pronounced. This suggests the possibility of a soft-story mechanism in these regions. Following strengthening, 

plastic hinges predominantly form in the beams, while hinge rotations in the columns of the second and fourth stories are reduced 

and remain well below their ultimate limits. 
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Fig. 16. Spectral acceleration-spectral displacement results and the damage pattern corresponding to the performance point. 

Although the maximum lateral displacement of the strengthened frame exceeds that of the unstrengthened configuration, the 

post-strengthening hinge distribution reflects a more favorable failure mechanism. In the six-story frame, strengthening improved 

lateral stiffness and initial strength. However, the maximum lateral displacement in the strengthened configuration was slightly 

lower than in the original frame. The damage pattern indicates that plastic hinge rotations in the fifth-story columns approached 
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their ultimate limits, increasing the likelihood of a soft-story mechanism. To address this, the strengthening strategy prioritized 

column enhancement while avoiding excessive stiffening of adjacent beams, thereby encouraging plastic hinge formation in beams 

rather than columns. After strengthening, plastic hinges predominantly developed in beams, while column hinge rotations were 

limited to yield-level deformations in the second story and remained moderate in the top story where strengthening was not applied. 

For the eight-story frame, strengthening resulted in improved strength, ductility, and initial stiffness. The damage pattern revealed 

that plastic hinge rotations in the fifth and sixth stories approached ultimate limits, indicating a potential soft-story mechanism in 

these regions. After strengthening, hinge formation was primarily observed in the beams, while column rotations in the critical 

stories were reduced. Although the maximum lateral displacement of the strengthened frame remained greater than that of the 

unstrengthened frame, the plastic hinge distribution and failure pattern were significantly improved. 

Fig. 16 illustrates the nonlinear analysis results with respect to seismic performance and plastic hinge distribution at the 

performance point. Seismic performance is assessed by comparing the performance point with the life safety (LS) performance 

level, as defined in FEMA 356 [57]. At the LS level, structural and nonstructural components experience moderate damage and 

deformation. Lateral stiffness and the ability to resist additional lateral loads are reduced, and while collapse is unlikely, the structure 

may no longer be suitable for immediate occupancy. Repair may be possible but is often not economically practical. For the four-

story frame, frame A remained beyond the LS performance level, indicating limited seismic performance in its original 

configuration. The hinge distribution confirmed the likelihood of a soft-story mechanism in the second story. After strengthening, 

plastic hinges formed primarily in the beams and remained within yield-level rotations, well below the LS limit. No significant 

hinge formation occurred at the base of the structure. The results in terms of load-displacement response, seismic performance, and 

hinge distribution at the performance point confirm the effectiveness of the steel angle and strip strengthening system in improving 

seismic behavior. In the four-story configuration, frame B remained beyond the life safety (LS) performance level, indicating 

inadequate seismic performance under design-level earthquakes. The plastic hinge distribution suggests the possibility of a soft-

story mechanism in the fifth story, while hinge rotations in the fourth-story beams approached their ultimate limits. 

After strengthening, plastic hinges were primarily confined to the beams and remained within yield-level rotations, with 

considerable margin from the LS threshold. The load-displacement response, seismic performance, and plastic hinge distribution at 

the performance point and ultimate deformation confirm the effectiveness of the steel angle and strip strengthening system. 

Similarly, in the four-story configuration, frame C also remained beyond the LS performance level, reflecting limited seismic 

performance in its unstrengthened state. The damage pattern indicated potential soft-story behavior in the fifth and sixth stories, and 

column hinge rotations at the base of the structure approached their ultimate limits. Following strengthening, plastic hinges 

developed predominantly in the beams, with rotations remaining within the yield range and far from the LS limit. The results in 

terms of structural response, seismic performance, and hinge formation at the performance point validate the effectiveness of the 

strengthening strategy using the steel angle and strip system. 

It is noteworthy that the proposed model is developed within a nonlinear static (monotonic) framework; however, its formulation 

is based on sectional constitutive relationships that are inherently suitable for extension to cyclic and dynamic analyses. For 

application under cyclic loading, the model would require the incorporation of appropriate hysteretic rules to capture unloading-

reloading behavior, stiffness and strength degradation, and energy dissipation. Similarly, for dynamic analysis, the model can be 

implemented within a time-history framework by integrating the proposed nonlinear hinge properties into the structural model along 

with suitable damping definitions. These extensions are straightforward and consistent with the fiber-based formulation adopted in 

this study. 

6. Conclusions 

This study focused on evaluating the nonlinear behavior and seismic performance of reinforced concrete (RC) structures and 

their strengthening using a steel angle and strip system. Analytical procedures were developed to capture nonlinear mechanisms 

before and after strengthening, enabling a rigorous assessment of seismic response. A modeling framework was proposed to 

incorporate the effects of the strengthening system on seismic behavior. The strengthening strategy influences nonlinear response 

through longitudinal strain development in the steel angles, allowing them to resist tensile and compressive forces and contribute to 

load transfer. Possible buckling of steel angles in compression zones was also included in the nonlinear formulation to represent 

realistic structural behavior. Furthermore, the combined action of steel strips and angles provides confinement to the concrete core, 

and this confinement effect was considered in the moment-curvature analysis of strengthened members. Insufficient shear capacity 

in RC members can lead to brittle shear failure and increased seismic vulnerability. Diagonal shear cracking in columns may reduce 

axial load-carrying capacity, while large flexural deformations and diagonal tensile cracking can further diminish shear resistance. 

Nonlinear analysis that neglects shear mechanisms may produce unconservative predictions of strength and deformation capacity, 

highlighting the necessity of incorporating shear effects in performance-based assessment. For strengthened members, a shear model 

was developed that considers contributions from stirrups, concrete, steel angles, and strips to overall shear capacity. Four-, six-, and 

eight-story RC frames were designed and strengthened to evaluate seismic performance. The results demonstrated close agreement 

between analytical predictions and experimental data, confirming the capability of the proposed model to simulate flexural and shear 

behavior under different loading conditions. Strengthening with the steel angle and strip system significantly improved initial 

stiffness, load-carrying capacity, and ductility. Load-displacement results of strengthened frames showed that the strengthening 

system enhances initial stiffness and seismic resistance when properly designed. Additionally, plastic hinge formation was redirected 

from columns to beams, mitigating undesirable strong-beam-weak-column mechanisms and improving overall structural 

performance. Seismic performance evaluation indicated that strengthening can shift the performance point toward a more favorable 
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state and reduce damage potential at critical locations. The findings confirm that the steel angle and strip strengthening system is an 

effective strategy for improving nonlinear response and seismic performance of RC structures when appropriately designed and 

implemented. 
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A  R  T  I  C  L  E I  N  F  O 

Ride-Hailing (RH) services have emerged as a preferred non-shared mobility option, 

contributing to a notable increase in their volume and modal share within urban 

transportation systems in Iranian cities. Despite this trend, limited empirical research 

exists on RH adoption in Iran and other developing countries. This study investigates the 

factors influencing RH usage in Iran, focusing on Mashhad, the nation’s second-largest 

metropolis. Data were collected in 2022 through 619 valid questionnaires encompassing 

four categories of variables: demographic, travel-related, environmental, and latent 

psychological factors. Exploratory factor analysis was first used to derive factor scores, 

followed by the development of an ordered probit discrete choice model. Findings reveal 

that variables such as marital status, employment, physical disability, household size, and 

social media use showed no significant effect. However, travel purpose, limited public 

transit access, proximity to traffic-restricted area, and trip characteristics such as duration 

and time of day significantly influenced usage. Among latent variables, privacy concerns 

and dissatisfaction with public transportation positively affected RH preference. Whereas 

pandemic-related apprehensions and economic constraints diminished it. The study offers 

insights into urban mobility behavior in developing contexts and highlights the 

multifaceted factors shaping RH demand. 
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1. Introduction 

The rise of platform businesses has sparked a clash between traditional economic players and new, innovative actors [1]. App-

based mobility encompasses a range of transportation services facilitated via smartphone applications. Among these, ride-hailing 

remains the most prevalent service. Despite being introduced over a decade ago, ride-hailing continues to generate considerable 

debate regarding its effects on urban transportation systems [2]. RH has altered traffic patterns, potentially affecting related 

externalities such as congestion, traffic accidents, and environmental impacts [3]. Transportation Network Companies (TNCs) such 

as Uber, Lyft, and Didi have fundamentally transformed the conventional taxi industry on a global scale. For instance, Uber’s entry 

into New York in 2011 reduced hourly traditional taxi usage by 25% [4], similarly Shenzhen, China, saw a 20% decline in taxi 

revenues [5]. Such shifts highlight ride-hailing’s dual role as both a complement to and a substitute for public transit, leading to 

substantial changes in urban mobility patterns [6, 7]. In Iran, the 2014 launch of RH services like Snapp facilitated by Information 

and Communication Technology (ICT) advancements and internet penetration revolutionized transportation. Snapp enables users 

to book rides, view driver profiles, estimate fares, and choose payment methods via smartphones, amassing over 40 million users 

and 2 million daily trips by 2020 [8]. 

Focusing on Mashhad, Iran’s second-largest city, this research combines Exploratory Factor Analysis (EFA) and ordered probit 
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modeling to analyze 619 survey responses in 2022. It identifies key demographic, travel-related, environmental, and latent 

psychological predictors of RH usage while highlighting the pandemic’s unique impact [9]. The findings offer policymakers and 

urban planner insights into sustainable mobility solutions tailored to developing economies. 

This study contributes to the existing literature in several ways. First, it investigates ride-hailing adoption in Mashhad, one of 

the largest metropolitan areas in Iran, where empirical evidence on ride-hailing behavior remains limited. Second, the study jointly 

examines demographic, travel-related, environmental, and latent psychological factors affecting ride-hailing usage. Third, it 

explicitly incorporates pandemic-related perceptions and concerns, as well as privacy concerns associated with public transportation, 

factors that have received limited attention in previous studies conducted in developing countries. Finally, by combining exploratory 

factor analysis with an ordered probit model, the study provides a comprehensive framework for analyzing both latent attitudes and 

observed travel behavior. 

2. Research background 

2.1. Analysis approaches 

Recent advancements integrate machine learning with macro-level data (e.g., land use, urban density) and micro-level variables 

(e.g., demographics, real-time weather, traffic congestion) to model RH demand [10]. RH platforms operate as two-sided markets, 

where supply (drivers) and demand (passengers) interact dynamically [11, 12]. This framework emphasizes the interdependence of 

driver incentives (e.g., wage structures, surge pricing) and passenger demand in shaping service accessibility, pricing, and 

transaction volumes. For instance, driver availability directly affects wait times and user satisfaction, while demand surges influence 

pricing algorithms. Balancing these dynamics is essential for platform sustainability, as mismatches between supply and demand 

can lead to service inefficiencies or driver attrition [13]. 

Mode choice modeling, examines the behavioral and contextual factors influencing individuals’ preferences for RH over 

alternatives like public transit or private vehicles. By accounting for the interconnected factors on mode choice (service attributes, 

passenger characteristics, and external conditions), the framework ensures a holistic analysis of transportation systems, balancing 

user needs, operational efficiency, and environmental variables [14]. Structural Equation Models empower the analysis by 

considering interactions between latent factors such as passenger attitudes and perceptions and observable variables like 

socioeconomic traits [4]. For instance, multigroup MIMIC models have been used to investigate the pandemic-driven shifts in RH 

intentions [9]. This study employs an ordered probit model to assess both observed variables and latent constructs. In ordered probit, 

a normal distribution of the error term is assumed, which can be more appropriate for modeling processes [15, 16]. 

2.2. SH demand determinants 

RH services have revolutionized urban transportation, yet their demand dynamics remain context-dependent, particularly in 

understudied developing economies [3, 17]. This review synthesizes global evidence on socio-demographic, attitudinal, and 

environmental determinants of RH adoption, highlighting critical research gaps in Iran and similar contexts. By integrating latent 

variables and the pandemic-era behavioral shifts, this study advances methodological and empirical insights for sustainable mobility 

planning. The rapid proliferation of RH platforms like Uber, Lyft, and Snapp has redefined urban mobility, offering flexible 

alternatives to private vehicles and public transit [7, 8, 17, 18]. This review examines the determinants of RH demand, critiques 

methodological approaches, and identifies gaps in Iran’s mobility literature. 

2.2.1. Socio-demographics 

Demographic factors such as age, income, and educational attainment serve as reliable indicators of RH adoption, with younger, 

affluent, and highly educated groups typically exhibiting higher usage rates [9, 19, 20]. However, regional variations challenge this 

trend; For instance, in China, users frequently lack higher education qualifications [21]. A counterintuitive pattern also emerges in 

low-income New York communities, which show unexpectedly high RH demand [22]. Gender remains a subject of debate in 

adoption research; while some studies in underdeveloped nations suggest higher female adoption rates of ride-hailing services [23, 

24], recent evidence from countries such as Pakistan indicates lower female usage due to stronger safety concerns and contextual 

constraints. However, other findings suggest no significant gender or racial influences [25, 26]. Similarly, car ownership is generally 

linked to reduced demand in most studies [7, 23, 27], though this trend does not hold in Chile, where research shows no such 

relationship [18]. 

2.2.2. Travel and built environment 

Environmental factors demonstrate a stronger association with usage frequency compared to socio-demographic characteristics 

[28]. Neighborhood walkability, urban compactness, pedestrian-oriented design, transit accessibility, educational institutions, and 

accessibility to town centers are associated with individuals' use of ride-hailing services [29, 30]. Demand patterns are notably 

shaped by trip purposes (such as work, education, leisure, or business) and urban density [17, 31]. Additionally, individuals residing 

near metro systems, commercial centers, or in densely populated urban areas show a higher likelihood of adopting ride-sourcing 

services [19, 32]. Similarly, limited parking availability and traffic congestion further drive reliance on RH platforms [33]. 
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2.2.3. Latent factors 

Psychological factors, including perceived safety, service quality, travel time efficiency, reliability, cost-effectiveness, 

flexibility, and environmental citizenship serve as primary motivators for adopting RH services [25, 31, 34-37]. Features like real-

time tracking and driver verification significantly increase usage in regions with high crime rates [38], whereas dissatisfaction with 

public transportation drives transitions to RH platforms [39]. 

2.3. Iran’s RH landscape 

In Iran, RH services constitute a vital component of the urban mobility economy [40], distinguished by high public trust, 

perceived utility, and service convenience [41]. Iranian users prioritize flexibility and distrust in public transit [41]. Women, 

students, and formal-sector employees constitute primary adopters, while vehicle ownership reduces usage [24, 42]. Despite its 

societal embeddedness, empirical studies on Iran’s RH ecosystem remain scarce, reflecting a broader neglect of developing contexts. 

2.4. Research gaps and contributions 

This study addresses three critical gaps. First, while latent variables (e.g., attitudes, perceptions) are recognized predictors of 

transportation demand, their role in RH adoption remains rarely understudied. We integrate attitudinal questions with observed 

variables in a Discrete Choice Model (DCM) to capture these nuances. Second, by examining the pandemic-era data, we reveal how 

health and economic shocks reshape mobility preferences. Third, although technology-enabled services such as ride-hailing 

comprise a substantial portion of the modal split in many developing countries, including Iran, scholarly research on this topic 

remains limited [3]. In particular, there is a notable gap in studies exploring the factors that influence the frequency of ride-hailing 

usage. Iran, as a developing country with a population of more than 90 million and large usage of RH services, is a worthy case 

study and opens up new insights on travelers' attitudes in developing countries. 

3. Methodology 

This study employs EFA and DCM to analyze factors influencing RH demand. Fig. 1 summarizes the overall research framework 

adopted in this study. The process begins with questionnaire design and data collection, followed by data preprocessing and 

exploratory factor analysis (EFA) to identify latent constructs. The extracted factor scores are then combined with demographic, 

travel-related, and environmental variables and incorporated into an ordered probit model to estimate the determinants of ride-

hailing usage. Finally, marginal effects are calculated to facilitate the interpretation of the model results. 

 
Fig. 1. Framework for estimating RH demand. 

3.1. DCM framework and ordered probit model 

DCMs analyze decisions among mutually exclusive alternatives, assuming individuals choose the alternative maximizing their 

utility [16]. The utility function  𝑈𝑖𝑛 for individual 𝑖 choosing alternative 𝑛 is expressed as Eq. 1 [43]. 

𝑈𝑖𝑛 =  𝑉𝑖𝑛 +  𝜀𝑖𝑛  (1) 

where: 

𝑈𝑖𝑛: The utility of alternative 𝑛 for the decision maker 𝑖 (𝑖 denotes the individual respondent and 𝑛 denotes the alternative) 

𝑉𝑖𝑛: The observable or measurable component in the utility that the analyst calculates or estimates 

𝜀𝑖𝑛: The portion of utility that is unobservable or error remains unknown to the analyst 

The Ordered Probit Model is particularly suited for analyzing ordinal survey data (e.g., Likert-scale responses), where categories 

have inherent order but lack numerical meaning. The model preserves the ordinal nature of responses while accommodating unequal 

spacing between categories, making it a statistically rigorous method for interpreting ordered categorical variables [44].  
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Let 𝑖 denote a respondent (𝑖 = 1, … , 𝑁), where 𝑁 represents the sample size. The observed ordinal response of individual 𝑖 to a 

survey question is denoted 𝑦𝑖 , which can take integer values (1, 2, 3, … , 𝐽). The model posits a latent variable  𝑦∗
𝑖
, representing the 

unobserved propensity of respondent 𝑖 to agree with a statement, bounded between (−∞ <  𝑦∗
𝑖

< +∞). This latent variable 𝑦∗
𝑖
 is 

linked linearly to a vector of explanatory features 𝑥𝑖 by Eq. 2. 

𝑦∗
𝑖

= 𝑥𝑖𝛽 + 𝑢𝑖             𝑖 = 1, … , 𝑛  (2) 

Here, 𝛽 parameter analogously to slope parameters in linear regression. While  𝑦∗
𝑖
 is unobserved, its relationship to the observed 

𝑦 is defined as Eq. 3. 

𝑦 = 1   𝑖𝑓   − ∞ < 𝑦∗ < κ1  

𝑦 = 2   𝑖𝑓   κ1 <  𝑦∗ < κ2    

𝑦 = 𝐽   𝑖𝑓   κ𝐽−1 < 𝑦∗ < ∞  

(3) 

The parameters κ𝑗(𝑗 =  1, … , 𝐽 − 1) are referred to as cut points or threshold parameters. For example, the probability density 

function of 𝑦∗
𝑖
 for 𝐽 = 4 is illustrated in Fig. 2 [44]. 

 
Fig. 2. Density function of 𝒚∗

𝒊
. 

Let 𝑃𝑖(𝑦) represent the probability that respondent i chooses category y. This probability is expressed as Eq. 4. 

𝑃𝑖(𝑦) = 𝑃(𝜅𝑦−1 < 𝑦∗ < 𝜅𝑦  ) = 𝛷(𝜅𝑦 − 𝑥𝑖𝛽) − 𝛷 (𝜅𝑦−1 − 𝑥𝑖𝛽)   𝑦 = 1, … , 𝐽  (4) 

where 𝛷 is the standard normal cumulative distribution function. The log-likelihood for the sample is expressed as Eq. 5. 

𝐿𝑜𝑔𝐿 = ∑ 𝑙𝑛[𝑃𝑖(𝑦𝑖)] =𝑖 ∑ 𝑙𝑛[𝛷(𝜅𝑦𝑖 − 𝑥𝑖𝛽) − 𝛷(𝜅𝑦𝑖−1 − 𝑥𝑖𝛽)]𝑖   (5) 

DCMs, such as logit and probit models, require systematic validation to evaluate their accuracy. Common statistical methods 

used for this purpose include hypothesis testing, diagnostic assessments, and goodness-of-fit measures such as McFadden’s pseudo-

R² and the Akaike/Bayesian Information Criteria (AIC/BIC). 

3.2. Exploratory factor analysis 

Factor analysis is a versatile multivariate method extensively utilized in psychology, education, health, and social sciences to 

refine and validate measurement tools and theoretical concepts. EFA is a statistical method used to identify latent structures within 

a set of observed variables. Basically, it includes 5 steps, namely: Data suitability, extraction criteria, factor extraction, rotation, and 

interpretation [45]. In the current study, principal component analysis and varimax were used for factor extraction and rotation 

approaches, respectively [45, 46]. 

To validate the factor analysis framework, three statistical criteria were applied. First, the correlation matrix was examined to 

ensure moderate-to-strong correlations (≥ 0.3) among variables within proposed factors, a prerequisite for justifying shared latent 

constructs [46]. Second, the Kaiser-Meyer-Olkin (KMO) test assessed sampling adequacy, with values ≥ 0.6 confirming the data’s 

suitability for EFA [45]. Finally, Bartlett’s test of sphericity; (𝑝 < 0.05) rejected the null hypothesis of random noise, thereby 

supporting the use of EFA [46, 47]. Together, these tests ensure methodological rigor in identifying latent structures within the 

dataset. 

4. Case study and data 

The empirical survey underlying this research was conducted between January and March 2022, when the COVID-19 pandemic 

continued to affect everyday urban mobility patterns in Mashhad. During this phase, several public health measures and mobility 

restrictions were still enforced, shaping individuals’ travel decisions and their reliance on ride-hailing services. Therefore, this study 

employing an online survey, investigated the determinants influencing the adoption of RH services by incorporating an analysis of 

both latent attitudinal and observed variables. Given the well-established presence and widespread utilization of RH services in 
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Mashhad, it was presumed that the respondents had substantial familiarity with this mode of transportation. Additionally, 

precautionary measures were implemented at the survey's outset, and comprehensive explanations were provided to participants to 

ensure clarity and accuracy in their responses. The internal consistency of the questionnaire was assessed using Cronbach’s alpha, 

which yielded an acceptable level of reliability. 

Participants were recruited through an online survey using a convenience sampling method, as the pandemic-related restrictions 

prevented in-person data collection. The questionnaire link was distributed via social media platforms and local digital communities 

of ride-hailing users in Mashhad. The study focused on residents of recently developed neighborhoods in the city’s western districts, 

representing a more modern urban population. Eligible participants had completed at least secondary school education, resided in 

the selected areas, and were familiar with ride-hailing services. Individuals not meeting these criteria or providing incomplete 

responses were excluded from the analysis. 

Mashhad, spanning an area of over 300 square kilometers, is situated in Khorasan Razavi Province in northeastern Iran, with a 

population of approximately 3.5 million and over 30 million visitors annually [48, 49]. Mashhad serves as Iran’s leading tourist hub, 

drawing international visitors from countries such as Iraq, Bahrain, Kuwait, Lebanon, Pakistan, Afghanistan, Azerbaijan, and Qatar. 

The city is structured into 13 districts, with the Samen district being of particular religious and governmental importance (Fig. 3). 

Like many other major metropolitan areas, Mashhad grapples with substantial challenges associated with the widespread use of 

motor vehicles. 

Before administering the full-scale survey, a pilot study was conducted. The pilot sample consisted of 45 transportation experts 

and students, each of whom provided individualized feedback on survey questions to ensure clarity and eliminate ambiguity. 

Following the pilot phase, and preliminary modeling, unclear or irrelevant questions were modified to enhance response accuracy 

and participation rates. The final data collection took place between January and March 2022. Traditional communities are primarily 

concentrated in the eastern districts of Mashhad. In contrast, the current study centers on more modern populations and 

neighborhoods characterized by recent urban development. The survey was distributed among individuals in Mashhad’s Districts 

9, 10, and 11, resulting in 619 completed questionnaires (District 12 is a developing area that currently lacks a significant residential 

population). The RH Questionnaire was systematically structured into two sections, comprising 46 questions in total. The first 

section focused on observed variables, employing multiple-choice and fill-in-the-blank formats, while the second section assessed 

latent variables using a five-point Likert scale. 

 
Fig. 3. The location and urban zoning of Mashhad [50]. 

5. Results 

5.1. Demographic, travel-related and environmental characteristics 

Table 1 summarizes the key demographic characteristics of the study sample. According to the table, more than 50% of the 

respondents are under 25 years old, possess educational qualifications below a postgraduate degree, and are predominantly single. 

This trend suggests that a significant portion of the respondents are students or pupils from universities and schools. Women 

comprise approximately 53% of the respondents, while men account for 47%. This gender disparity may be attributed to higher 

response rates among women, despite the survey being distributed nearly equally among both genders. Approximately 60% of the 

respondents are either students or part-time employed, aligning with the prevalence of lower income levels below 30 million Rials 

(MR) and between 30 and 80 MR. Additionally, the most common household structure consists of four family members with two 

licensed drivers. 

The data reveals that 53% of the respondents reside within a five-minute distance from public transit stations, while 30.4% are 

between five and ten minutes away, indicating widespread accessibility to transit options. Additionally, the data suggests that most 

individuals have access to both private and public transportation options. Approximately half of the respondents prefer to delegate 

parcel deliveries to RH drivers, rather than making trips themselves. 

Regarding RH travel behavior, 39.7% of the respondents did not specify a particular trip purpose. Among those who did, the 

most frequently cited trip purposes were returning home, work, and personal errands. Notably, the afternoon emerged as the most 
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preferred time for RH usage, followed by morning trips and travel during the pandemic restrictions. 

Table 1. Studied variables and their specifications. 

Variable Unit Type* Category Freq. (%) 

Age Year O 

Under 18 19.4 

18 to 24 32.5 

24 to 30 6.8 

30 to 40 16.2 

40 to 50 15.3 

Over 50 9.9 

Educational attainment - O 

Less than high school diploma 23.6 

High school diploma or associate degree 31.2 

Bachelor's degree 28.9 

Postgraduate degree 16.3 

Marital status - N 
Single 57.4 

Married 42.6 

Gender - N 
Female 52.5 

Male 47.5 

Use of RH for parcel delivery - N 
Yes 51.2 

No 48.6 

Walking time to the nearest public transit station min O 

0 to 5 53 

5 to 10 30.4 

10 to 15 8.7 

>15 7.9 

Trip purpose - N 

Work 16.3 

Education 4.4 

Returning home 18.4 

Leisure 4.2 

Personal errands 16.2 

Various destinations 39.7 

Preferred trip duration for RH use min N 

>20 14.2 

≤20 24.7 

No preference 60.4 

Daily social media usage h O 

≤1 9.4 

1 to 2 27.3 

>2 63.2 

Monthly income MR N 

≤30 27.1 

30-80 27.1 

80-120 11.6 

>120 2.4 

Prefer not to answer 31.5 

Employment status - N 

Full-time 29.6 

Part-time 12.9 

Student 46 

Retired 2.7 

Housekeeper 3.9 

Unemployed 4.8 

Household size Persons O 

1 1 

2 7.3 

3 19.2 

4 or more 72.5 
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Number of licensed drivers in household Persons O 

0 or 1 16.6 

2 48 

3 or more 35.2 

Physical or intellectual disability - N 
Yes 2.9 

No 96.8 

Type of vehicle accessible to the respondent - N 

Motorcycle 3.9 

Car 66.7 

both 5 

No vehicle 24.4 

Preferred time of day for RH usage - N 

During the morning period 12.1 

During the afternoon period 34.9 

During the pandemic restrictions 4.8 

At different times throughout the day 47.5 

Frequency of RH usage in the past month Times/month O 

0 25.4 

1 to 8 51.9 

> 8 22.8 

RH usage before the pandemic Times/month O 

0 17.1 

0 to 8 59.1 

> 8 23.4 

Workplace/study location in CBD - N 
Yes 25.5 

No 74.5 

Residence in CBD zone - N 
Yes 16.6 

No 83.4 

* Type = Measurement type (O: Ordinal / N: Nominal) 

The study also found high engagement with social media, as about two-thirds of the respondents reported spending more than 

two hours per day on social networking platforms. This aligns with the high participation rate in the online questionnaire, 

underscoring the respondents’ familiarity with mobile technology and digital platforms. 

In terms of geographical distribution, 74.5% of the respondents' workplaces or educational institutions and 83.4% of their 

residences were located outside the Mashhad traffic-restricted area. This finding is consistent with the urban layout, where the 

traffic-restricted area primarily accommodates administrative, commercial, and religious centers, as well as hotels, with few 

permanent residents. Given that this study primarily focuses on Mashhad’s developed residential population, only a small proportion 

of the respondents resided within the traffic-restricted area. 

The willingness to use RH services has declined in the aftermath of the COVID-19 pandemic and is shown in Fig. 4. Before the 

pandemic, 17.1% of the respondents reported not using RH services at all during the month, whereas this number increased to 25.4% 

during the pandemic. Notably, the overall 8.3% decline in RH usage primarily stemmed from a reduction among moderate users, 

while the proportion of frequent users remained relatively stable throughout the same period. 

 
Fig. 4. Frequency of internet taxi usage. 

5.2. Psychological variables 

Fig. 5 portrays a summary of the level-of-importance questions made by the respondents. A substantial proportion of the 

respondents expressed significant concerns regarding parking availability during urban travel, highlighting the urgent need for 

adequate parking infrastructure across all districts of Mashhad. Furthermore, over 50% of the respondents agreed with statements 

emphasizing the importance of general safety during travel, additionally, more than 75% highlighted the necessity of always being 

aware of their location throughout a trip. Also, the majority of respondents reported difficulty in trusting strangers, reflecting security 

concerns. Additionally, the majority of participants are technologically proficient and remain informed about modern advancements. 

Knowing the cost of travel beforehand is a priority for most respondents. However, within this group, only 35.9% strongly agreed, 
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and 26.7% agreed that they always opt for the most economical mode of transportation. 

Most of the respondents preferred using pedestrian bridges when available, and 70% considered motorcycles to be a hazardous 

mode of transportation. The majority of the respondents are reluctant to share rides with other passengers, even if it would reduce 

travel costs, emphasizing the importance placed on privacy during travel. Less than half of the respondents perceived the facilities 

at stations and the fleets’ conditions as inadequate. Additionally, 78.1% found buses and subways to be overcrowded and unpleasant. 

Data collection for this study occurred during the COVID-19 pandemic and the cold seasons of 2021–2022. As expected, a 

significant proportion of the respondents avoided crowded places, gatherings, and similar activities to minimize the risk of 

contracting the virus. Most of the respondents exhibited environmentally conscious attitudes. Specifically, 72.2% believed that 

environmental protection efforts should persist; similarly, 69.9% expressed a willingness to pay more for environmentally friendly 

products. 75% of the respondents identified traffic congestion as a major cause of inconvenience. Congestion and pollution in central 

urban districts are significant concerns, as the majority of the respondents rely more on private vehicles than on public transportation. 

 

 

 

 

 

 

 
Fig. 5. Aggregate shares of responses to the level-of-importance questions from the respondents. 

5.3. EFA 

The inclusion of numerous correlated attitudinal variables in behavioral models introduces complexity. To address this, 

exploratory factor analysis is employed to reduce observed variables into fewer uncorrelated latent constructs (factors). This section 

020406080100

I find it hard to trust strangers.

Being able to track my location at any moment during a trip is important to me.

Constructing parking lots in city centers should be a priority.

I often worry about finding a parking spot during urban trips.

020406080100

I believe motorcycles are dangerous vehicles.

If a pedestrian bridge exists, I usually use it to cross the street.

I try to choose the cheapest modes of transportation.

Knowing the cost of travel before starting a trip is important to me.

020406080100

Buses and subways are usually crowded, and this is bothersome.

Stations and public transportation vehicles have appropriate facilities and equipment.

Using public transportation with a friend, spouse, or children is difficult.

I am not interested in sharing travel with other passengers, even if it reduces travel costs.

020406080100

Learning a new skill is usually time-consuming and difficult for me.

I believe having new experiences is important, and I am always trying new things.

I am so busy that I do not get to complete many of my daily tasks.

I always choose the shortest route, even if it is only two or three minutes shorter.

020406080100

A car is a mode of transportation for me; it is not serves as a reflection of my personality.

I do not have problem with eliminating personal car, as I can rent or manage it according to my needs.

020406080100

I prefer to live close to public transportation, even if it means having a smaller 

house and living in a crowded area.

I prefer living in a large house, even if it is far from public transportation and places I frequently visit.

Time spent on daily commutes is wasted time.

Traffic congestion is a major problem for me, and it bothers me.

020406080100

I am willing to pay more for products if it means less harm to the environment. 

It is meaningless to try hard to be environmentally friendly because I am just one person. 

Avoiding COVID-19 due to sensitivity, weakness, or illness of my relatives is very important to me.

Due to not contracting COVID-19, I have almost completely stopped visiting relatives, going to cafés, 

restaurants, etc.
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applies principal components analysis to distill the respondents’ attitudes into interpretable dimensions, generating factor scores for 

integration into DCMs. Table 2 presents the factors identified by loadings exceeding 0.4. After pruning variables with weak loadings 

(<0.4), six factors were explored, namely (1) Parking and congestion concerns, (2) Safety and security concerns, (3) Concerns about 

the pandemic, (4) Privacy concerns regarding public transit, (5) Economic concerns, and (6) Variety-seeking perceptions. 

Table 2. Results of the EFA. 

Component items Mean Standard deviation Communality 1 2 3 4 5 6 

I often worry about finding a parking spot during urban trips. 3.85 1.064 0.560 0.704      

Constructing parking lots in city centers should be a priority. 4.43 0.834 0.543 0.601      

Traffic congestion is a major problem for me, and it bothers 

me. 
4.09 1.001 0.489 0.570      

Time spent on daily commutes is wasted time. 3.68 1.204 0.485 0.559      

If a pedestrian bridge exists, I usually use it to cross the 
street. 

4.24 1.060 0.446  0.595     

Being able to track my location at any moment during a trip 
is important to me. 

4.25 0.947 0.462  0.569     

I find it hard to trust strangers. 4.16 0.915 0.447  0.555     

I always choose the shortest route, even if it is only two or 

three minutes shorter. 
3.90 1.062 0.498  0.444     

I believe motorcycles are dangerous vehicles. 3.93 1.225 0.426  0.433     

Due to not contracting the pandemic, I have almost 

completely stopped visiting relatives, going to cafés, 
restaurants, etc. 

3.77 1.201 0.653   0.795    

Avoiding the pandemic due to sensitivity, weakness, or 
illness of my relatives is very important to me. 

4.40 0.809 0.626   0.746    

Buses and subways are usually crowded, and this is 

bothersome. 
4.15 0.994 0.369   0.407    

Using public transportation with a friend, spouse, or children 

is difficult. 
3.30 1.407 0.569    0.654   

I prefer living in a large house, even if it is far from public 

transportation and places I frequently visit. 
3.26 1.344 0.456    0.636   

I am not interested in sharing travel with other passengers, 

even if it reduces travel costs. 
3.58 1.298 0.542    0.622   

I try to choose the cheapest mode of transportation. 3.73 1.249 0.700     0.827  

Knowing the cost of travel before starting a trip is important 

to me. 
4.51 0.747 0.584     0.688  

I believe having new experiences is important, and I am 

always trying new things. 
3.79 1.009 0.560      0.740 

I am so busy that I do not get to complete many of my daily 

tasks. 
3.18 1.208 0.516      0.647 

Table 3 presents the eigenvalues for the factors. As observed, in the final EFA, a total of six latent factors with eigenvalues 

greater than 1 have been identified. Additionally, the percentage of variance explained by each factor and the total variance explained 

for each category are provided. The explained variance represents the proportion of total variance accounted for by each extracted 

factor, indicating its relative contribution to explaining the observed data. Factors with higher explained variance capture a greater 

share of the information contained in the original variables. The cumulative explained variance reflects the overall proportion of 

total variance explained by all retained factors and provides an indication of how well the extracted factor structure represents the 

underlying data. 

5.4. Model estimation 

The modeling process was conducted in Stata software, evaluating a range of model specifications. Ultimately, the Ordered 

Probit Model with the highest content validity and statistical significance was selected. Additionally, the average marginal effects 

quantify the percentage change in the probability of choosing RH associated with each variable. This section introduces the variables 

used in the modeling process and outlines the steps taken to construct the model in Stata software. Following this, the results of the 

modeling are presented, along with a detailed discussion of their implications. 

The dependent variable in the RH modeling is the frequency of using RH after the pandemic. Since the dependent variable in 

choice models must be discrete, it was grouped into intervals. The grouping was determined by evaluating the statistical and content 

significance of the model. The three ordered groups of the dependent variable demonstrated the highest significance in the ordered 

probit model. The classification thresholds were determined based on an iterative modeling process and the observed distribution 

of the data, ensuring meaningful behavioral segmentation of users. The independent variables encompass observed variables, 

including demographic attributes (e.g., age, gender, income), travel-related variables (e.g., access to personal vehicles, trip purpose), 

and environmental conditions (e.g., proximity to public transit, traffic congestion), as well as factors for attitudinal factors. A detailed 

description of the estimated coefficients is provided in Table 4. 

The pseudo R² indicates an acceptable level of explanatory power for behavioral modeling; however, it also suggests that 
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additional relevant factors may further improve the model’s performance in future research. A diagnostic assessment showed that 

all Variance Inflation Factor (VIF) values were below 2.75, confirming the absence of significant collinearity among the predictors. 

Table 3. Eigenvalues for the factors. 

Component 

Without factor rotation  With orthogonal factor rotation 

Eigenvalue 
Variance 

percentage 

Cumulative variance 

percentage 
 Eigenvalue 

Variance 

percentage 

Cumulative variance 

percentage 

1 3.646 19.188% 19.188%  2.108 11.094% 11.094% 

2 1.443 7.594% 26.782%  1.743 9.171% 20.266% 

3 1.385 7.289% 34.070%  1.666 8.767% 29.032% 

4 1.205 6.344% 40.414%  1.533 8.066% 37.098% 

5 1.145 6.027% 46.441%  1.487 7.824% 44.923% 

6 1.108 5.834% 52.275%  1.397 7.353% 52.275% 

 

Table 4. Ordered probit results. 

Variable Coefficient T-statistic P-value 

AGE (reference group: above 50 years)    

Below 18 years 0.241 0.86 0.390 

18–24 years 0.442 2.09 0.037** 

24–30 years 0.766 2.91 0.004*** 

30–40 years 0.648 3.12 0.002*** 

40–50 years 0.226 1.11 0.266 

Gender (reference group: female)    

Male -0.641 -6.28 0.000*** 

Educational attainment (reference group: postgraduate degree)    

Less than high school diploma 0.099 0.36 0.723 

High school diploma or associate degree 0.386 1.94 0.052* 

Bachelor's degree 0.246 1.59 0.111 

Monthly income (reference group: less than 30 MR)    

30-80 MR 0.005 0.03 0.974 

80-120 MR -0.124 -0.61 0.545 

More than 120 MR -0.010 -0.03 0.978 

Prefer not to answer -0.271 -2.05 0.041** 

Type of vehicle (reference group: car)    

Motorcycle -0.153 -0.59 0.556 

Motorcycle and car 0.336 1.48 0.139 

No vehicle 0.565 4.61 0.000*** 

Trip purpose (reference group: leisure)    

Work 0.893 3.28 0.001*** 

Education 0.697 2.08 0.037** 

Returning home 0.528 2.01 0.045** 

Personal errands 0.365 1.36 0.174 

Multiple purposes 0.615 2.44 0.015** 

Workplace/study location in traffic-restricted zone 0.379 3.25 0.001*** 

Preferred time of RH use (reference group: during COVID restrictions)    

Morning 0.505 1.89 0.059* 

Afternoon 0.634 2.67 0.008*** 

Various times 0.525 2.24 0.025** 

Using RH for package delivery 0.359 3.51 0.000*** 
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Preferred trip duration (reference group: trips longer than 20 minutes)    

Trips shorter than 20 minutes 0.305 1.88 0.060* 

No preference 0.358 2.44 0.015** 

Walking distance to nearest public transit (reference group: less than 5 minutes)    

5–10 minutes 0.352 3.10 0.002*** 

10–15 minutes 0.349 1.95 0.051* 

More than 15 minutes 0.049 0.26 0.796 

Concerns & perceptions    

Parking and congestion concerns 0.083 1.54 0.123 

Safety and security concerns -0.036 -0.74 0.462 

Concern about the pandemic -0.126 -2.47 0.013** 

Privacy concerns regarding public transit 0.092 1.84 0.066* 

Economic concerns -0.075 -1.50 0.134 

Variety-seeking perceptions -0.034 -0.68 0.497 

Model fit statistics: Pseudo R²: 0.167; Log likelihood: -515.507; Chi² (37): 206.35; p-value (prob > chi²): 0.000; p < 0.01 (highly significant), p < 0.05 

(statistically significant), p < 0.10 (marginally significant) 

5.4.1. Marginal effects 

The marginal effects were calculated for three groups of the dependent variable, including (1) No use of RH, (2) Moderate use 

of RH and (3) High use of RH. However, the average marginal effects for the moderate use group were not statistically significant, 

unlike those for the no use and high use groups. As a result, the marginal effects for the moderate use group are not discussed further 

in this section. The marginal effects for the no use and high use groups are presented in Table 5. These results provide insights into 

the factors influencing the likelihood of individuals either not using RH at all or using them frequently, offering valuable information 

for policymakers and service providers. Table 5 presents the average marginal effects of variables for groups with no usage and 

high usage of RH services. It shows how different factors (such as age, gender, education, income, vehicle ownership, trip purpose, 

and travel preferences) influence the likelihood of using RH services either very frequently or not at all. 

5.4.2. Attitudinal factors 

In the model, two attitudinal factors, namely concern about the pandemic and privacy regarding public transportation, 

demonstrated strong statistical significance, and at a lower level of confidence, parking and economic concerns were significant. 

Individuals who are more concerned about the pandemic and prioritize cost-effectiveness are less inclined to use RH. Additionally, 

individuals who value privacy and have a negative perception of public transportation are more likely to use RH. Two factors, 

diversity seeking and security, did not significantly influence the frequency of RH usage. 

5.4.3. Demographic variables 

According to Table 5, individuals aged 18-24, 24-30, and 30-40 are 9.6%, 18.5%, and 15.1% more likely, respectively, to use 

RH frequently. Gender also influenced RH usage; Being male reduces the probability of frequent RH use by 15.5%. Educational 

attainment impacted usage as well; Individuals with a high school diploma or associate degree are more inclined (9.2%) to use RH 

compared to those with a postgraduate degree. Contrary to expectations, monthly income and employment status did not 

significantly affect RH demand. The only significant coefficient related to income was the unwillingness to report monthly income, 

which negatively impacted the likelihood of using RH. Vehicle ownership was another significant factor; Not having access to a 

vehicle increases the probability of frequent RH use by 14.8. Social media usage did not show statistical significance in the model. 

5.4.4. Travel-related variables 

Trip purpose significantly influenced RH usage. According to Table 5, work, education, and returning home trips increase the 

likelihood of using RH by 19.6%, 14.3%, and 10.2%, respectively. Time of travel also played a role; Traveling in the afternoon 

increases the likelihood of using RH by 13.1%, while morning travel increases it by 9.9%. Additionally, trips lasting less than 20 

minutes increase the likelihood of RH use by 6.7%. Using RH for transporting goods also increases the likelihood of usage by 8.6%. 

5.4.5. Environmental variables 

The location of the workplace or educational institution within the traffic-restricted area increases the likelihood of RH usage by 

9.6%. However, residing within the traffic-restricted area did not show statistical significance. Regarding proximity to public 

transportation, walking distances of up to 10 minutes increased the likelihood of using RH, but walking distances exceeding 10 

minutes had no significant effect. 
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Table 5. Average marginal effects of variables on high and no usage of RH services. 

Variable 
High usage group  No usage group 

dy/dx T-statistic Significance level  dy/dx T-statistic Significance level 

Age (reference group: above 50)  

Below 18 0.049 0.84 0.401  -0.071 -0.87 0.383 

18–24 0.096 2.18 0.029**  -0.124 -2.02 0.043** 

24–30 0.185 2.74 0.006***  -0.196 -3.03 0.002*** 

30–40 0.151 3.18 0.001***  -0.172 -3.02 0.003*** 

40–50 0.045 1.12 0.262  -0.066 -1.10 0.269 

Gender (reference group: female)  

Male -0.155 -6.36 0.000***  0.168 6.31 0.000*** 

Educational attainment 

(reference group: postgraduate degree) 
 

Less than high school diploma 0.021 0.35 0.724  -0.028 -0.36 0.721 

High school diploma or associate degree 0.092 1.99 0.047**  -0.100 -1.90 0.057* 

Bachelor’s degree 0.056 1.63 0.103  -0.067 -1.55 0.120 

Monthly income 

(reference group: less than 30 MR) 
 

30-80 MR 0.001 0.03 0.974  -0.001 -0.03 0.974 

80-120 MR -0.031 -0.61 0.539  0.031 0.60 0.552 

More than 120 MR -0.002 -0.03 0.978  0.002 0.03 0.978 

Prefer not to answer -0.064 -2.05 0.040**  0.071 2.04 0.041** 

Vehicle type (reference group: car)  

Motorcycle -0.032 -0.62 0.533  0.044 0.57 0.566 

Motorcycle + Car 0.083 1.36 0.173  -0.086 -1.62 0.105 

No vehicle 0.148 4.33 0.000***  -0.134 -5.06 0.000*** 

Trip purpose (reference group: leisure)  

Work 0.196 3.82 0.000***  -0.241 -3.02 0.003*** 

Education 0.143 2.03 0.043**  -0.197 -2.11 0.035** 

Returning home 0.102 2.28 0.023**  -0.155 -1.93 0.054* 

Personal errands 0.066 1.48 0.139  -0.110 -1.33 0.184 

Multiple purposes 0.123 2.98 0.003***  -0.177 -2.28 0.022** 

Preferred time for RH 

(reference group: during COVID restrictions) 
 

Morning 0.099 2.01 0.044**  -0.146 -1.84 0.066* 

Afternoon 0.131 3.20 0.001***  -0.178 -2.48 0.013** 

Various times 0.104 2.65 0.008***  -0.151 -2.10 0.036** 

Trip duration for RH 

(reference group: trips longer than 20 minutes) 
 

Trips shorter than 20 minutes 0.067 1.93 0.053*  -0.084 -1.85 0.064* 

No preference 0.080 2.64 0.008***  -0.097 -2.33 0.020** 

Work/study location in traffic-restricted area 0.096 3.10 0.002***  -0.092 -3.46 0.001*** 

Use of RH for cargo/packages 0.086 3.52 0.000***  -0.093 -3.50 0.000*** 

Walking distance to nearest public transit stop 

(reference group: less than 5 minutes) 
 

5–10 minutes 0.086 3.02 0.003***  -0.088 -3.20 0.001*** 

10–15 minutes 0.086 1.82 0.069*  -0.088 -2.10 0.036** 

More than 15 minutes 0.011 0.26 0.798  -0.013 -0.26 0.794 

Significance levels: p < 0.10 */ p < 0.05 **/ p < 0.01 *** 
Interpretation: 

Positive coefficients → Increase in probability of using RH frequently – Negative coefficients → Increase in probability of not using RH 
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6. Discussion 

Given that the factors influencing the choice of RH services in developing countries have rarely been analyzed, this study aims 

to fill this research gap. This section provides a detailed discussion of the results of demand modeling and discusses explanatory 

variables. 

6.1. Latent attitudinal factors 

Previous studies have reported that attitudinal variables such as being technology-friendly, environmentally friendly, variety-

seeking, concerns about security, cost-effectiveness, and privacy significantly impact the willingness to use RH services [4, 31, 33, 

51, 52]. 

Among previously introduced attitudinal factors, variety-seeking, security, economic concerns, and parking and traffic 

congestion were statistically insignificant at the 90% confidence level. The insignificance of some psychological factors may reflect 

contextual and socio-spatial differences compared to previous studies. 

Our findings, similar to Baghestani et al. [53] reveal that concerns about the pandemic reduce the likelihood of using RH services. 

Given the pandemic, it was expected that individuals would prefer to use more RH services. However, since most survey participants 

were from affluent urban districts of Mashhad (districts 9, 10 and 11) where car ownership is high, they preferred using their private 

vehicles instead of RH during the pandemic. Car ownership and its negative effects on RH usage have been reported in numerous 

studies [23, 42, 54]. 

The consideration of RH for travel is influenced by total costs [55]. In a study conducted before the pandemic, cost-effectiveness 

was reported as a significant positive factor in the adoption of RH in Tehran, Iran [4]. According to our results, economic concerns 

reduce the tendency to use RH; This may be due to the economic crises caused by the pandemic and economic instability in Iran, 

leading cost-conscious respondents to maximize savings across all expenses. Similarly, Azimi et al. stated that individuals concerned 

about affordability are less likely to use such services [39]. 

Contrary to the past studies, variety-seeking and safety and security did not significantly impact RH usage in this study [14, 17, 

33, 34, 51]. RH services have been available in Iran for a decade, making them a common mode of urban transportation, and the 

lack of an effect from variety-seeking may stem from the diminished novelty of these services. 

In Iran, users of RH services typically rely on public, semi-public, or non-private transportation and do not own personal vehicles 

[4, 24]. Despite competition between RH and public transportation due to short commute times and most respondents’ proximity to 

public transit hubs like bus stations, concerns about safety and security do not significantly influence the frequency of RH usage. 

This contrasts with findings from other regions which attitudinal factors such as reliability, safety, and convenience have been shown 

to reduce frequent use of RH services [56]. In Mexico City, social issues like perceived crime rates and risks of sexual harassment 

in public transportation strongly shape the adoption of RH platforms [57]. 

Previous studies indicate that parking unavailability, high parking costs, and privacy concerns increase the likelihood of using 

RH [4, 17, 33]. Contrary to expectations, concerns about parking and traffic congestion had no effect on RH usage in our study. 

Given the limited parking spaces, traffic issues in most urban districts, and the stressful nature of driving in congestion, these factors 

were expected to influence demand. 

However, privacy concerns and negative attitudes toward public transportation significantly increased the likelihood of using 

RH. This may be due to factors such as overcrowding, inadequate facilities, the pandemic [58], and the lack of cleanliness in public 

transit and traditional taxis. 

6.2. Demographic variables 

Findings indicate that RH services in Mashhad are predominantly used by young women without private vehicles, holding high 

school diplomas or bachelor’s degrees. However, due to the online data collection method, despite validity checks, potential biases 

may exist. 

Model estimations show that household size, number of licensed family members, marital status, monthly income, employment 

status, and social media usage were statistically insignificant at the 90% confidence level. About half of the demographic variables 

were statistically insignificant in the demand model for RH in Mashhad. This represents that, compared to attitudinal, travel-related, 

and environmental variables, demographic variables have less influence on RH adoption. Similarly, other studies reported that 

environmental and Attitudinal factors had a greater effect on the frequency of RH use than demographic variables [28, 56]. 

Contrary to previous studies, income and employment status had no significant impact on RH usage. These differences may 

reflect contextual variations across countries in terms of socioeconomic conditions, technology adoption, and the maturity of ride-

hailing services. In the Iranian context, ride-hailing services have become widely accessible across different social groups, which 

may reduce the explanatory power of income and employment characteristics. Similarly, the widespread use of smartphones and 

mobile applications may limit the influence of social media usage as a distinguishing factor. These findings highlight the importance 

of local context when interpreting ride-hailing adoption behavior. However, employment status was a significant factor in Tehran’s 

RH usage, possibly due to higher service costs in Tehran, leading students, unemployed individuals, or retirees to prefer traditional 

taxis [42]. 
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Previous studies have shown that mobile phone usage and interest in technology directly influence the adoption of RH services 

[4, 24, 31]. However, contrary to expectations, the current study found no significant relationship between social media usage and 

RH adoption. This discrepancy may stem from methodological limitations, such as insufficient demographic categorization in the 

questionnaire design. 

As expected, young individuals (18-40 years old) were more inclined to frequently use RH. This is likely due to their familiarity 

with mobile applications and RH services, as well as their vehicle ownership rates. Additionally, results indicate that gender is a 

significant determinant of ride-hailing usage, with women exhibiting a higher likelihood of using these services compared to men. 

This finding is consistent with previous studies highlighting gender-based differences in urban mobility patterns [58]. In particular, 

it may reflect the role of contextual factors in shaping women’s driving experiences and in contributing to variations in perceived 

stress levels [23, 24]. 

Individuals with high school diplomas or associate degrees were more likely to use RH compared to highly educated individuals. 

This may be due to lower car ownership rates among students and self-employed individuals. Some studies found that educational 

attainment had no impact on travel mode choice [21, 42], while others reported that highly educated individuals were major users 

of RH in the US [19, 20, 31]. 

As expected, the absence of private vehicles significantly increased the likelihood of using RH due to mobility challenges, public 

transportation limitations, and security concerns, aligning with previous research [7, 23, 35, 42]. 

6.3. Travel-related variables 

Findings indicate that all travel-related variables significantly influence the demand for RH services. Among these, work trips 

exert the greatest impact on increasing the likelihood of RH usage. In addition to work trips, educational trips and home-returning 

trips similarly contribute to a higher tendency to use RH services. This outcome may be attributed to the fact that RH services offer 

significant time savings compared to other transportation modes (such as traditional taxis and public transit), enabling passengers 

to reach their workplace or educational institution without delay. Moreover, since most administrative, commercial, educational, 

and healthcare centers were established in the central districts of Mashhad, these areas now experience traffic congestion, parking 

shortages, and are subject to traffic restrictions, all of which contribute to the high utilization of RH services. Additionally, due to 

exhaustion from work or study, travelers tend to prioritize getting home as quickly as possible, opting for the fastest and most 

convenient mode of transportation after private vehicles. However, for leisure trips, passengers often prefer private vehicles. The 

finding regarding the strong influence of work trips on increased RH usage aligns with previous studies [4, 17, 42, 59]. 

Contrary to expectations, findings indicate that during the pandemic restriction hours (10 PM to 4 AM), RH usage was at its 

lowest. This outcome may stem from the fact that individuals engaging in late-night activities such as social gatherings, dining out, 

or entertainment are generally from wealthier demographics and prefer to use their own comfortable vehicles. During other times 

of the day, the highest likelihood of RH usage occurs in the afternoons and mornings, respectively. This result may be explained by 

the tendency of citizens to schedule shopping, social events (e.g., dining out, visiting coffee shops, or seeing relatives), and medical 

appointments for the afternoon. Factors such as limited parking, traffic-related stress, safety concerns when waiting for 

transportation at night [7], and overcrowded public transit contribute to the preference for RH during these times. Similarly, other 

studies have reported that RH is frequently used for social-related travel, such as trips to bars, restaurants, and concerts [7]. 

Acheampong et al. also found that the majority of RH trips occur in the evening, with 31% between 12 PM and 5 PM and 29% 

between 5 PM and 11 PM [17]. 

Prior research reported that RH is often used for short-duration trips (10 to 30 minutes) [17]. Similarly, in the present study, trips 

lasting shorter than 20 minutes were associated with an increased likelihood of RH usage. This preference may arise from the time-

consuming and cumbersome process of retrieving a private vehicle from a parking space, navigating traffic, and searching for 

parking at the destination. Other studies have also cited time savings and stress reduction as key reasons for choosing RH [7, 25]. 

Additionally, longer trips increase their costs and may lead to discomfort from prolonged sitting in low-quality vehicles (as RH 

fleets in Iran typically consist of older, less-maintained cars). In such cases, individuals may prefer public or private transportation. 

Results from Table 5 indicate that using RH services for freight and package delivery significantly increases the likelihood of 

frequent RH usage. This suggests that individuals without access to a private vehicle prefer RH for its convenience. Additionally, 

RH services allow for package delivery without requiring the sender’s presence during the trip, offering time savings and better 

tracking capabilities compared to alternative methods. 

6.4. Environmental variables 

Previous studies have identified several environmental factors that influence RH usage, including land use type, private car 

accessibility, public transportation availability, urban versus suburban residence, and population and employment density [4, 19, 

31, 32, 54]. Circella et al. even reported that environmental factors have a greater impact than demographic variables on RH usage 

[28]. 

As expected, working or studying in districts subject to traffic restrictions is one of the most influential variables increasing RH 

usage. In these central urban districts, parking prohibitions, congestion, and travel restrictions make private vehicle use highly 

impractical for employees and students, leading them to opt for alternative modes. Compared to traditional public transportation, 

RH services offer greater comfort, shorter travel times, cost-effectiveness, privacy, technology-driven convenience, and enhanced 
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security for these individuals [4, 42]. 

Some studies have reported that high accessibility to public transit (buses and metro) negatively affects RH usage [21, 23]. 

Conversely, other studies suggest that proximity to metro stations correlates with increased RH adoption [4, 32]. Findings from the 

present study indicate that when walking distance to a public transit station exceeds five minutes, passengers are more likely to use 

RH services. Notably, when walking time exceeds ten minutes, no significant impact on RH adoption is observed. Furthermore, 

given the high population density in restricted-traffic areas, it was expected that residents in these districts would have a higher 

tendency to use RH services [54]. However, the model does not indicate a significant relationship between living in a traffic-

restricted area and RH usage. 

7. Conclusions 

RH have become a primary mode of transportation in Iran and developing countries. Despite their growing importance, there is 

a lack of sufficient research on RH usage in Iran. This study aimed to estimate the demand for RH in Iran (Mashhad) and provide a 

deeper understanding of the travel behavior of RH users. The findings reveal that urban transportation users are more likely to rely 

on RH when they do not have access to a personal vehicle. Therefore, identifying and analyzing the factors influencing RH usage 

is crucial for urban planning and transportation policy. As in previous studies, these factors were categorized into four groups, 

including demographic, travel-related, environmental characteristics, and latent factors. In this study, a stated preference online 

questionnaire was designed to gather comprehensive data on Mashhad citizens, covering these factors. A total of 619 questionnaires 

were collected. Due to pandemic-related restrictions and the online nature of data collection, the sample was mainly concentrated 

in the western and relatively more affluent districts of Mashhad (9, 10, and 11). 

Results highlight the significance of both observed variables and latent factors of RH demand. Among the observed variables, 

demographic characteristics were found to be less influential compared to travel-related and environmental characteristics. More 

than half of the demographic variables, such as marital status, employment status, physical disability or illness, social media usage, 

family size, and the number of licensed drivers in the household, showed no significant impact on RH usage. Additionally, the 

demographic variables of education and income were statistically significant only at specific levels. Variables such as age, gender, 

and vehicle ownership were significant, and young women without access to a vehicle showed a high tendency to use RH frequently. 

Travel-related variables, including trip purpose, preferred travel time, and use of RH for transporting goods, were all significant and 

influential. 

The findings indicate that travel-related characteristics are more important than other factors in determining RH usage. Business 

trips, educational trips, and returning home increased the probability of using RH, respectively. In contrast to other studies, leisure 

trips had a negative effect on RH usage. Regarding preferred travel times, traveling in the afternoon and morning increased the 

probability of using RH, respectively. Surprisingly, the pandemic restriction times (10 PM to 4 AM) had a negative effect on RH 

usage. Additionally, trips lasting shorter than 20 minutes and the use of RH for transporting goods were significant factors, though 

they have received less attention in prior literature. Among environmental variables, residing within the Mashhad traffic-restricted 

area did not significantly affect RH usage. However, being within the traffic-restricted area for work or school and increasing the 

walking distance to public transportation from 5 to 10 minutes increased the probability of using RH, respectively. 

This study identified six latent factors through EFA, including concerns about (1) the pandemic, (2) parking and congestion, (3) 

safety and security, (4) privacy of public transit, (5) cost-effectiveness, and (6) variety seeking. Among these, concerns about the 

pandemic and privacy were the most significant ones. The factors of the pandemic and economic concerns had negative effects on 

RH demand. Conversely, concerns about public transportation, privacy and parking, and congestion increased the likelihood of 

using RH.  

Overall, it should be noted that the study is based on an online, non-probability sample collected during the COVID-19 

pandemic and concentrated in the western districts of Mashhad, which are generally characterized by relatively higher 

socioeconomic status. Consequently, younger, more educated, and technology-oriented individuals may be overrepresented in the 

sample. In addition, the data were collected during a unique phase of the COVID-19 pandemic, which may have influenced travel 

behavior and ride-hailing usage patterns. Therefore, the findings should be interpreted in light of both spatial and temporal 

contexts and may not be fully generalizable to the entire population of Mashhad, other Iranian cities, or different urban 

environments. Nevertheless, several of the identified behavioral relationships are expected to remain relevant under normal 

conditions, although their magnitude may vary over time. 

Statements & declarations 

Author contributions 

Mahdi Nosrati: Data curation, Formal analysis, Investigation, Software, Visualization, Writing  - Original Draft. 

Amir Abbas Rassafi: Conceptualization, Investigation, Methodology, Supervision, Validation, Writing  - Review & Editing. 

Hossein Rahimi Farahani: Formal analysis, Investigation, Methodology, Validation, Writing - Review & Editing. 

Funding 

Funding information is not available. 



Nosrati et al. Civil Engineering and Applied Solutions, 2027; 3(2): 69–86 
 

84 

Data availability 

The data supporting the findings of this study are available from the corresponding author upon reasonable request. Due to 

privacy and ethical considerations, individual-level responses are not publicly shared. 

Declarations 

The authors declare no conflict of interest. 

References 

[1] Soltanzadeh, J., Blind, K., Elyasi, M. Exploring how regulators face platform business issues in the lifecycle stages: Evidence of Iranian 

ride-hailing platform business. Telecommunications Policy, 2023; 47: 102582. doi:10.1016/j.telpol.2023.102582. 

[2] Oviedo, D., Sabogal-Cardona, O., Scholl, L. Transport and social (dis)advantage in ride-hailing. Area Development and Policy, 2025; 10: 

295–325. doi:10.1080/23792949.2024.2404024. 

[3] Martins, D. L., Meira, L. H., Costa, C. S., Pitombo, C. S. An overview of the impacts of ridesourcing in developing countries: Main topics 

and questions for future research. Latin American Transport Studies, 2024; 2: 100017. doi:10.1016/j.latran.2024.100017. 

[4] Etminani-Ghasrodashti, R., Hamidi, S. Individuals’ Demand for Ride-hailing Services: Investigating the Combined Effects of Attitudinal 

Factors, Land Use, and Travel Attributes on Demand for App-based Taxis in Tehran, Iran. Sustainability, 2019; 11: 5755. 

doi:10.3390/su11205755. 

[5] Nie, Y. How can the taxi industry survive the tide of ridesourcing? Evidence from Shenzhen, China. Transportation Research Part C: 

Emerging Technologies, 2017; 79: 242–256. doi:10.1016/j.trc.2017.03.017. 

[6] Tirachini, A. Ride-hailing, travel behaviour and sustainable mobility: an international review. Transportation, 2020; 47: 2011–2047. 

doi:10.1007/s11116-019-10070-2. 

[7] Rayle, L., Dai, D., Chan, N., Cervero, R., Shaheen, S. Just a better taxi? A survey-based comparison of taxis, transit, and ridesourcing 

services in San Francisco. Transport Policy, 2016; 45: 168–178. doi:10.1016/j.tranpol.2015.10.004. 

[8] Snapp. Snapp group annual report. Tehran (IR): Snapp; 2020. Report No.: 2. 

[9] Said, M., Soria, J., Stathopoulos, A. Shifting Mobility Behaviors in Unprecedented Times: A Multigroup MIMIC Model Investigating 

Intentions to Use On-Demand Ride Services During the COVID-19 Pandemic. Transportation Research Record, 2023; 2677: 704–722. 

doi:10.1177/03611981221147520. 

[10] Ke, J., Yang, H., Zheng, H., Chen, X., Jia, Y., Gong, P., Ye, J. Hexagon-Based Convolutional Neural Network for Supply-Demand 

Forecasting of Ride-Sourcing Services. IEEE Transactions on Intelligent Transportation Systems, 2019; 20: 4160–4173. 

doi:10.1109/TITS.2018.2882861. 

[11] Weyl, E. G. A Price Theory of Multi-sided Platforms. American Economic Review, 2010; 100: 1642–72. doi:10.1257/aer.100.4.1642. 

[12] Armstrong, M. Competition in Two-Sided Markets. RAND Journal of Economics, 2006; 37: 668–691. doi:10.1111/j.1756-

2171.2006.tb00037.x. 

[13] Wang, H., Yang, H. Ridesourcing systems: A framework and review. Transportation Research Part B: Methodological, 2019; 129: 122–

155. doi:10.1016/j.trb.2019.07.009. 

[14] Alemi, F., Circella, G., Mokhtarian, P., Handy, S. What drives the use of ride-hailing in California? Ordered probit models of the usage 

frequency of Uber and Lyft. Transportation Research Part C: Emerging Technologies, 2019; 102: 233–248. doi:10.1016/j.trc.2018.12.016. 

[15] Greene, W. H. Econometric Analysis. 7th ed. Boston (MA): Pearson; 2012. 

[16] Train, K. Discrete choice methods with simulation. 2nd ed. Cambridge (UK): Cambridge University Press; 2009. 

[17] Acheampong, R. A., Siiba, A., Okyere, D. K., Tuffour, J. P. Mobility-on-demand: An empirical study of internet-based ride-hailing 

adoption factors, travel characteristics and mode substitution effects. Transportation Research Part C: Emerging Technologies, 2020; 115: 

102638. doi:10.1016/j.trc.2020.102638. 

[18] Tirachini, A., del Río, M. Ride-hailing in Santiago de Chile: Users’ characterisation and effects on travel behaviour. Transport Policy, 

2019; 82: 46–57. doi:10.1016/j.tranpol.2019.07.008. 

[19] Dias, F. F., Lavieri, P. S., Garikapati, V. M., Astroza, S., Pendyala, R. M., Bhat, C. R. A behavioral choice model of the use of car-sharing 

and ride-sourcing services. Transportation, 2017; 44: 1307–1323. doi:10.1007/s11116-017-9797-8. 

[20] Vinayak, P., Dias, F. F., Astroza, S., Bhat, C. R., Pendyala, R. M., Garikapati, V. M. Accounting for multi-dimensional dependencies 

among decision-makers within a generalized model framework: An application to understanding shared mobility service usage levels. 

Transport Policy, 2018; 72: 129–137. doi:10.1016/j.tranpol.2018.09.013. 

[21] Tang, B.-J., Li, X.-Y., Yu, B., Wei, Y.-M. How app-based ride-hailing services influence travel behavior: An empirical study from China. 

International Journal of Sustainable Transportation, 2020; 14: 554–568. doi:10.1080/15568318.2019.1584932. 



Nosrati et al. Civil Engineering and Applied Solutions, 2027; 3(2): 69–86 
 

85 

[22] Atkinson-Palombo, C., Varone, L., Garrick, N. W. Understanding the Surprising and Oversized Use of Ridesourcing Services in Poor 

Neighborhoods in New York City. Transportation Research Record, 2019; 2673: 185–194. doi:10.1177/0361198119835809. 

[23] Nugroho, S. B., Zusman, E., Nakano, R. Explaining the spread of online taxi services in Semarang, Bogor and Bandung, Indonesia; a 

discrete choice analysis. Travel Behaviour and Society, 2020; 20: 358–369. doi:10.1016/j.tbs.2020.04.008. 

[24] Lesteven, G., Samadzad, M. Ride-hailing, a new mode to commute? Evidence from Tehran, Iran. Travel Behaviour and Society, 2021; 

22: 175–185. doi:10.1016/j.tbs.2020.09.006. 

[25] Smith, A. Shared, Collaborative and On Demand: The New Digital Economy. Washington, D.C. (US): Pew Research Center; 2016. 

Report No.: 02. 

[26] Hussain, I., Hussain, Q., Dias, C., Bargi, W. A., Ali, N., Abdullah, M., Cheng, L. Exploring Commuter’s Preferences and Future Intentions 

to Use Ride-Sharing: A Case Study From a Developing Country. Journal of Advanced Transportation, 2025; 2025: 5516034. 

doi:10.1155/atr/5516034. 

[27] Sabouri, S., Brewer, S., Ewing, R. Exploring the relationship between ride-sourcing services and vehicle ownership, using both inferential 

and machine learning approaches. Landscape and Urban Planning, 2020; 198: 103797. doi:10.1016/j.landurbplan.2020.103797. 

[28] Circella, G., Alemi, F., Tiedeman, K., Handy, S., Mokhtarian, P. L. The Adoption of Shared Mobility in California and Its Relationship 

with Other Components of Travel Behavior. Davis (CA): National Center for Sustainable Transportation; 2018. Report No.: 03. 

[29] Wali, B., Santi, P., Ratti, C. Modeling ride-hailing and carsharing adoption & use patterns: deciphering the substitutive and 

complementary impacts of built environment, transit accessibility, & active travel. Sustainable Cities and Society, 2025; 120: 105931. 

doi:10.1016/j.scs.2024.105931. 

[30] Li, W., Ma, J., Cai, H., Chen, F., Qin, W. The role of built environment in shaping reserved ride-hailing services: Insights from 

interpretable machine learning approach. Research in Transportation Business & Management, 2024; 56: 101173. 

doi:10.1016/j.rtbm.2024.101173. 

[31] Alemi, F., Circella, G., Mokhtarian, P., Handy, S. Exploring the latent constructs behind the use of ride-hailing in California. Journal of 

Choice Modelling, 2018; 29: 47–62. doi:10.1016/j.jocm.2018.08.003. 

[32] Wang, S., Noland, R. B. Variation in ride-hailing trips in Chengdu, China. Transportation Research Part D: Transport and Environment, 

2021; 90: 102596. doi:10.1016/j.trd.2020.102596. 

[33] Sarjana, S., Ramadan, O., Sisiopiku, V. Analysis of Transportation Users’ Preferences and Attitudes for Identifying Micro-Level 

Determinants of Transportation Network Companies’ (TNCs) Growth. Journal of Transportation Technologies, 2020; 10: 251–264. 

doi:10.4236/jtts.2020.103016. 

[34] Bhaduri, E., Pal, S., Goswami, A. K. Analysing heterogeneity in factors affecting adoption of ride-hailing services: a stepwise LCCA-

MCDM modelling approach. Transportation, 2024; doi:10.1007/s11116-024-10563-9. 

[35] Sikder, S. Who Uses Ride-Hailing Services in the United States? Transportation Research Record, 2019; 2673: 40–54. 

doi:10.1177/0361198119859302. 

[36] Nguyen-Phuoc, D. Q., Su, D. N., Tran, P. T. K., Le, D.-T. T., Johnson, L. W. Factors influencing customer's loyalty towards ride-hailing 

taxi services – A case study of Vietnam. Transportation Research Part A: Policy and Practice, 2020; 134: 96–112. 

doi:10.1016/j.tra.2020.02.008. 

[37] Anser, M., Ahmed, F., Ali, A. Investigating Factors Impacting the Use of Ride-Hailing Service Applications. International Journal of 

Management Research and Emerging Sciences, 2024; 14: doi:10.56536/ijmres.v14i3.637. 

[38] Ghaffar, A., Mitra, S., Hyland, M. Modeling determinants of ridesourcing usage: A census tract-level analysis of Chicago. Transportation 

Research Part C: Emerging Technologies, 2020; 119: 102769. doi:10.1016/j.trc.2020.102769. 

[39] Azimi, G., Rahimi, A., Asgari, H., Jin, X. Role of Attitudes in Transit and Auto Users’ Mode Choice of Ridesourcing. Transportation 

Research Record, 2020; 2674: 1–16. doi:10.1177/0361198120941841. 

[40] Tohidimehr, H., Bakhtiarizadeh, H. Money on the Way: Analyzing the Impact of Ride-Sharing on Labor, Income, and Expenditure in 

Iran. Income, and Expenditure in Iran (October 22, 2024), 2024; doi:10.2139/ssrn.5166284. 

[41] Akbari, M., Amiri, N. S., Zúñiga, M. Á., Padash, H., Shakiba, H. Evidence for Acceptance of Ride-Hailing Services in Iran. Transportation 

Research Record, 2020; 2674: 289–303. doi:10.1177/0361198120942224. 

[42] Edrisi, A., Rezaei, H. Assessment of how Ride-Hailing services affect individuals' travel mode choice in urban transportation. 

International Journal of Human Capital in Urban Management, 2021; 6: 81–96. doi:10.22034/IJHCUM.2021.01.07. 

[43] Koppelman, F., Bhat, C. A Self-Instructing Course in Mode Choice Modelling: Multinomial and Nested Logit Models. Washington, D.C. 

(US): US Federal Transit Administration - Department of Transportation; 2006. Report No.: 04. 

[44] Daykin, A. R., Moffatt, P. G. Analyzing Ordered Responses: A Review of the Ordered Probit Model. Understanding Statistics, 2002; 1: 

157–166. doi:10.1207/S15328031US0103_02. 



Nosrati et al. Civil Engineering and Applied Solutions, 2027; 3(2): 69–86 
 

86 

[45] Tabachnick, B. G., Fidell, L. S. Using Multivariate Statistics. 6th ed. Boston (MA): Pearson; 2013. 

[46] Williams, B., Onsman, A., Brown, T. Exploratory Factor Analysis: A Five-Step Guide for Novices. Australasian Journal of Paramedicine, 

2010; 8: 1–13. doi:10.33151/ajp.8.3.93. 

[47] Hair, J. F., Black, W. C., Babin, B. J., Anderson, R. E. Multivariate data analysis. 8th ed. Boston (MA): CENGATE; 2019. 

[48] Mirkatouli, J., Samadi, R., Hosseini, A. Evaluating and analysis of socio-economic variables on land and housing prices in Mashhad, Iran. 

Sustainable Cities and Society, 2018; 41: 695–705. doi:10.1016/j.scs.2018.06.022. 

[49] Talebian, K., Riza, M. Mashhad, City of Light. Cities, 2020; 101: 102674. doi:10.1016/j.cities.2020.102674. 

[50] Soltanifard, H., Roshandel, T., Ghodrati, S. Assessment and ranking of influencing factors in the relationship between spatial patterns of 

urban green spaces and socioeconomic indices in Mashhad urban districts, Iran. Modeling Earth Systems and Environment, 2020; 6: 

1589–1605. doi:10.1007/s40808-020-00776-z. 

[51] Jing, P., Chen, Y., Wang, X., Pan, K., Yuan, D. Evaluating the effectiveness of Didi ride-hailing security measures: An integration model. 

Transportation Research Part F: Traffic Psychology and Behaviour, 2021; 76: 139–166. doi:10.1016/j.trf.2020.11.004. 

[52] Sedighi, M., Parsaeiyan, H., Araghi, Y. An Empirical Study of Intention to Continue Using of Digital Ride-hailing Platforms. The Review 

of Socionetwork Strategies, 2021; 15: 489–515. doi:10.1007/s12626-021-00098-1. 

[53] Baghestani, A., Heshami, S., Mahpour, A. The impact of pandemic experiences on future similar situations: analysis of latent variables 

and trip purposes in ride-hailing choice. Transportation Planning and Technology, 2026; 49: 691–710. 

doi:10.1080/03081060.2025.2458606. 

[54] Conway, M. W., Salon, D., King, D. A. Trends in Taxi Use and the Advent of Ridehailing, 1995–2017: Evidence from the US National 

Household Travel Survey. Urban Science, 2018; 2: 79. doi:10.3390/urbansci2030079. 

[55] Habib, K. N. Mode choice modelling for hailable rides: An investigation of the competition of Uber with other modes by using an 

integrated non-compensatory choice model with probabilistic choice set formation. Transportation Research Part A: Policy and Practice, 

2019; 129: 205–216. doi:10.1016/j.tra.2019.08.014. 

[56] Loa, P., Nurul Habib, K. Examining the influence of attitudinal factors on the use of ride-hailing services in Toronto. Transportation 

Research Part A: Policy and Practice, 2021; 146: 13–28. doi:10.1016/j.tra.2021.02.002. 

[57] Sabogal-Cardona, O., Oviedo, D., Scholl, L., Crotte, A., Bedoya-Maya, F. Not my usual trip: Ride-hailing characterization in Mexico 

City. Travel Behaviour and Society, 2021; 25: 233–245. doi:10.1016/j.tbs.2021.07.010. 

[58] Firoozi Yeganeh, S., Khademi, N., Farahani, H., Besharat, M. A. A qualitative exploration of factors influencing women's intention to 

use shared taxis: A study on the characteristics of urban commuting behavior in Iran. Transport Policy, 2022; 129: 90–104. 

doi:10.1016/j.tranpol.2022.10.001. 

[59] Zhen, C. Impact of ride-sourcing services on travel habits and transportation planning [Master's Thesis]. Pittsburgh (PA): University of 

Pittsburgh; 2015. 

 



Civil Engineering and Applied Solutions, 2027; 3(2): 87–101 
 

 

* Corresponding author. 

E-mail addresses: moslemi_nima@shahroodut.ac.ir (N. Moslemi Patrudi). 

 

https://doi.org/10.22080/ceas.2026.31946.1105 

ISSN: 3092-7749/© 2027 The Author(s). Published by University of Mazandaran. 

This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license 

(https://creativecommons.org/licenses/by/4.0/deed.en) 

 

 

 Civil Engineering and Applied Solutions 
Research Article 
journal homepage: ceas.journals.umz.ac.ir 

Enhancing the Performance of High-Speed Railway Slab-Ballast Transition Zones 

Using Geotextile Reinforcement: A Dynamic-Equivalent 3D Finite Element 

Investigation 

Nima Moslemi Patrudi a* , Hossein Ghasemzadeh Tehrani a, Iman Aghayan a, b , Mohsen Bagheri c  

a Faculty of Civil Engineering, Shahrood University of Technology, Shahrood, Iran 
b Department of Civil & Environmental Engineering, University of Wisconsin, Milwaukee, WI 53211, USA 
c Faculty of Civil Engineering, Babol Noshirvani University of Technology, Babol, Iran 

A  B  S  T  R  A  C  T 
 

A  R  T  I  C  L  E I  N  F  O 

Transition zones between ballast and slab tracks are critical points in high-speed railways 

due to abrupt stiffness variations. This study investigates the optimization of speed-

induced track responses in railway transition zones using geotextile reinforcement 

through a three-dimensional finite element dynamic-equivalent analysis. To address the 

inherent tensile weakness of the ballast layer, various geotextile lengths (6, 9, and 12 m) 

were modeled under heavy loading at speeds of 160 and 500 km/h. The numerical model 

was validated against experimental data of geosynthetic-stabilized soil under cyclic 

loading, showing a deviation of less than 10%. Results indicate that increasing train speed 

significantly intensifies rail deflection and impact coefficients. However, the inclusion of 

geotextile over cement-stabilized ballast enhances confinement and tensile strength, 

leading to a 60% reduction in vertical rail deformation compared to the unreinforced state. 

Among the tested configurations, a 12-meter geotextile length provided the optimal 

performance in reducing vertical rail displacement and smoothing the stiffness transition. 

These findings demonstrate that geotextile reinforcement is a highly effective and practical 

reinforcement strategy for enhancing the structural integrity and longevity of high-speed 

railway transition zones. 
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1. Introduction 

High-speed railway (HSR) systems, characterized by operating speeds exceeding 160 km/h, have revolutionized modern 

transportation by demanding unprecedented levels of safety, passenger comfort, and structural precision. The operational integrity 

of these lines is highly sensitive to the dynamic interaction between the rolling stock and the trackbed, where any sudden variation 

in support conditions can compromise stability. A fundamental challenge in HSR infrastructure involves managing ‘transition 

zones’-critical interfaces where abrupt changes in vertical track stiffness occur, leading to magnified dynamic loads and accelerated 

structural degradation. Consequently, optimizing the mechanical response at these discontinuities is vital for ensuring the long-term 

reliability and efficiency of high-speed rail networks. The transition between flexible soil subgrades and rigid bridge abutments 

represents a critical discontinuity in railway tracks, primarily due to the sharp contrast in structural stiffness. Such disparities are a 

leading cause of geometric anomalies and uneven track settlement. Engineering practice dictates the use of specialized approach 

sections to harmonize these stiffness variations, providing a smoother mechanical transition and reducing the impact of differential 
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settlement across the interface. 

Shan et al. [1] studied the use of the Finite Element Method (FEM) to investigate the dynamic performance of two prevalent 

bridge-subgrade transition designs in high-speed railways: the two-part and the inverted trapezoid sections. Comparative analysis 

of track-subgrade displacement, acceleration, and surface stress reveals that the two-part transition zone exhibits superior dynamic 

stability. Furthermore, the results highlight a critical 3-meter zone from the bridge abutment where abrupt response changes occur, 

suggesting a minimum recommended transition length of 3 meters for enhanced structural integrity. Shih et al. [2] investigated the 

application of time-domain finite element (FE) models for representing moving loads on flexible railway tracks. Their systematic 

study compared various mesh geometries, boundary conditions, and soil damping models to provide comprehensive guidance for 

selecting appropriate FE parameters. They demonstrated that while infinite elements provide accuracy for harmonic loads, a 

sufficiently wide cuboid mesh combined with mass-proportional damping is more computationally efficient for moving load 

problems. Furthermore, they established that the model length required to achieve steady-state response significantly increases – up 

to 130 m – as the load approaches critical speeds in homogeneous grounds. 

According to Chen and Zhou [3], the stiffness matching between high-rigidity fasteners and layered subgrade is essential for the 

dynamic stability of ballastless tracks. Using a 3D FEM model of the Beijing-Shanghai line, this study finds that while higher 

subgrade moduli reduce total displacement, fastener stiffness primarily impacts rail-level response. Notably, the modulus ratio 

between subgrade layers is identified as the dominant factor governing surface displacement under high-frequency loading. 

Connolly and Costa [4] identified a novel dynamic load amplification mechanism triggered by the interaction between vehicle axle 

configuration and the soil-guideway’s vibration characteristics. Their numerical modeling, validated by field data, demonstrates that 

at speeds exceeding the critical velocity, load spacing sensitivity can increase displacements by up to 400%, significantly 

overshadowing the traditional critical velocity effects (50-100%). The study highlights the necessity of integrated vehicle-track 

design for future ultra-high-speed systems like Hyperloop and HSR to mitigate massive resonance effects. Zhou et al. [5] reviewed 

the key issues of subgrade settlement in high-speed railways built on soft soil, emphasizing that high compressibility and low 

permeability make post-construction settlement difficult to control and pose serious safety risks. They summarized theoretical and 

experimental foundation treatment methods for ballasted and ballastless tracks, discussed settlement evolution and control 

performance, and highlighted the limitations of existing prediction methods and the need for improved settlement control theories 

and technologies. Charoenwong et al. [6] proposed a novel numerical framework to predict track irregularity evolution by integrating 

empirical settlement laws with 3D finite element theory and multi-body vehicle-track interaction. Their study emphasizes the 

necessity of updating the track profile after every load passage to capture the evolving dynamic interaction accurately. The findings 

demonstrate that neglecting these progressive geometry changes leads to significant modeling errors and that subgrade material 

properties play a decisive role in long-term plastic settlement. 

Wang et al. [7] investigated the mechanisms of railway heave in ballastless tracks induced by subgrade swelling in expansive 

soil regions. By integrating long-term longitudinal deformation monitoring, laboratory oedometer tests, and coupled FLAC3D-

PFC3D numerical simulations, the authors identified that heave is a cumulative response to swelling in both subgrade filler and 

mudstone foundation layers. They established logistic functional relationships between swelling behavior and in-situ water content, 

while defining Expassoc and Nelder distribution models to quantify heave displacement based on swelling ratios. This research 

provides critical reference values for assessing swelling potential and predicting long-term deformations in similar geotechnical 

railway environments. Charoenwong et al. [8] conducted a comparative analysis of train-induced differential settlement between 

ballasted and concrete slab tracks at speeds of 200 km/h and 300 km/h. By developing a novel numerical model validated for both 

trackforms, the study demonstrates that ballasted tracks exhibit significantly higher rates of geometry deterioration compared to slab 

tracks, especially as line speeds increase. Their findings provide a scientific basis for trackform selection, highlighting that while 

slab tracks have higher initial costs, their superior resistance to differential settlement makes them more suitable for high-speed 

routes where maintenance windows are limited. Coelho et al. [9] investigated the transition zone near a concrete culvert, concluding 

that excessive dynamic displacements often stem from poor sleeper support rather than approach slab stiffness. Their field data also 

highlighted that ground motion and accelerations escalate as train speeds approach critical thresholds, necessitating enhanced 

support conditions in transition areas. 

Sañudo et al. [10] at the University of Cantabria investigated the impact of train direction and pad positioning on the performance 

of track transition zones. Their study quantified the maximum vertical stresses and displacements within the ballast (beneath the 

sleepers) and under the main slab in ballastless track systems. By analyzing these peak responses, the research highlighted how the 

spatial configuration of track components and the direction of loading cycles significantly influence the stress distribution and long-

term settlement at transition interfaces. Sadeghi et al. [11] employed nonlinear dynamic modeling to analyze the seismic response 

of road embankments, focusing on the role of soil liquefaction and PGA in driving permanent displacements. They evaluated how 

modifications to slope geometry and induced cracking compromise structural integrity, contributing to improved predictive 

assessments for the seismic durability of transportation infrastructure. Esen et al. [12] investigated the settlement behavior of a 

Geosynthetically Reinforced Soil with Retaining Wall (GRS-RW) railway system under static and cyclic loading conditions. A full-

scale laboratory model including both concrete slab track and ballasted track was constructed on a 1.2 m subgrade with a frost 

protection layer. Results showed that the slab track exhibited significantly lower elastic and permanent deformations compared to 

the ballasted track, with about 25% lower rail displacement amplitude and 6-7 times smaller sleeper displacement under cyclic 

loading. These findings highlight the superior performance of slab track systems on GRS-RW foundations for railway applications. 

Jain et al. [13] investigated the persistent problem of degradation in railway transition zones by evaluating commonly used 

mitigation measures and proposing a new transition structure. The study first assessed traditional solutions, including horizontal and 
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inclined approach slabs and transition wedges, using kinematic response, stress analysis, and an energy-based criterion based on 

total strain energy minimization. Subsequently, a newly proposed Safe Hull-Inspired Energy Limiting Design (SHIELD) was 

analyzed using the same evaluation criterion. The results of a two-dimensional finite element analysis indicated that the SHIELD 

concept effectively manages energy flow in transition zones and provides insight into the limitations of conventional transition 

structures. The study also demonstrated the robustness of the energy-based criterion and highlighted the potential of the SHIELD 

concept as a promising solution for improving the design of railway transition zones. Jain et al. [14] examined the challenges 

associated with railway transition zones caused by sudden stiffness variations and differential settlements when tracks pass over 

rigid structures such as bridges or culverts. The study evaluated the effectiveness of different sleeper configurations and reduced 

sleeper spacing in mitigating dynamic amplification in transition zones using a criterion based on the total strain energy in track-

bed layers. A two-dimensional finite element model of an embankment-bridge transition was employed, and the effect of hanging 

sleepers resulting from loss of contact between sleepers and ballast was also investigated. The results indicated that although 

modifications in sleeper configuration and spacing can influence the track response, these measures alone are insufficient to 

completely eliminate transition zone effects. Li et al. [15] investigated the dynamic behavior of the vehicle-track system at subgrade-

bridge transition zones in seasonal frozen regions, considering environmental temperature changes and wheel-rail irregularities. A 

coupled environment-vehicle-track-foundation model was developed and validated using monitoring data. The results showed that 

freeze-thaw cycles can cause frost heave and thaw settlement, leading to significant changes in track deformation and dynamic 

responses. Freeze-thaw effects and differential settlement were found to have a stronger impact on wheel-rail vertical forces than 

frost heave alone. Rail distortion near bridge abutments was also identified as a key factor increasing lateral vehicle vibrations in 

transition zones. Cui et al. [16] investigated the nonlinear interaction between vehicle-track dynamics and structural damage in 

ballastless tracks under uneven subgrade settlement. A nonlinear vehicle-track-subgrade interaction model including interlayer 

separation and concrete damage plasticity was developed. The results showed that subgrade settlement can significantly amplify 

vibrations and accelerate structural damage in ballastless tracks. Settlement wavelength and amplitude were identified as key factors 

influencing deformation and damage evolution. The study highlights the importance of controlling uneven settlement to ensure the 

safety and durability of high-speed railway track systems. Tutumluer et al. [17] reviewed the use of geosynthetics in transportation 

infrastructure such as roads, railways, and airfields. The study discusses the role of materials like geogrids, geotextiles, and geocells 

in improving subgrade restraint and stabilizing unbound aggregates. The findings highlight that geosynthetics enhance stiffness and 

load distribution through bearing capacity improvement and lateral restraint mechanisms. Overall, the research demonstrates their 

effectiveness in improving the performance and durability of transportation systems. Hasheminezhad et al. [18] examined the role 

of geosynthetics in improving the resilience and sustainability of geotechnical infrastructure. The study highlights that geosynthetics 

enhance load distribution, reduce deformation, and increase the durability of structures such as roads, embankments, and retaining 

systems. Their applications in drainage improvement, landslide recovery, and flood mitigation are also discussed. In addition, recent 

advances in geosynthetic technologies and their role in life cycle cost analysis are reviewed. The findings emphasize the importance 

of geosynthetics in developing resilient and sustainable infrastructure. Mohan and Nandan [19] investigated the use of pine-needle-

based natural geotextiles as a sustainable solution for improving road infrastructure performance. The study showed that these 

geotextiles enhance load distribution, water retention, and subgrade stability while reducing environmental impacts compared to 

conventional materials. Mechanical, durability, and environmental tests, along with numerical modeling, were conducted to evaluate 

their performance. The results indicate that pine-needle geotextiles can improve the durability and lifespan of road pavements and 

provide a sustainable alternative for road construction. Mohan and Nandan [20] demonstrated that alkali-treated pine needle 

geotextile (TPNG) serves as an effective, sustainable reinforcement for pavement subgrades. Their research shows that TPNG 

significantly enhances load-bearing capacity, increasing the California Bearing Ratio (CBR) by up to 185% and improving shear 

strength by raising the internal friction angle from 22° to 35°. Furthermore, the material reduces pavement settlement by up to 50% 

under cyclic loading, offering a viable, eco-friendly solution for resilient infrastructure. Petriaev and Fedorenko [21] propose a 

nonlinear elastoplastic finite element (FEM) approach in Plaxis to model geogrid behavior, accounting for detailed geometry and 

rib thickness. By verifying the model against experimental data, the study demonstrates that linear elastic assumptions are 

insufficient for accurate analysis. This research effectively captures the geogrid’s performance in both unconfined and soil-confined 

conditions, providing a more precise framework for predicting tensile stress-strain relationships. Ahmadi et al. [22] proposed a 

hybrid numerical framework combining DEM, FDM, and FEM to simulate the initial development of differential settlement in 

railway transition zones. The approach models granular ballast behavior, track structure response, and vehicle-track dynamic 

interaction simultaneously. Results show that the method can capture void formation beneath sleepers, redistribution of contact 

forces, and progressive track irregularities under repeated axle loads. The study highlights the importance of gradual stiffness 

transitions to reduce long-term track settlement and maintenance needs. Punetha and Nimbalkar [23] investigated the dynamic 

behavior of railway track-bridge transition zones under moving train loads using a three-dimensional finite element model validated 

with field data. The study analyzed mechanisms such as unsupported sleeper formation and stress variations within track 

substructure layers. Results indicate that train speed, axle load, and wheel motion significantly affect stresses, displacements, and 

sleeper-ballast gaps. The research also shows that geoinclusion reinforcement can improve performance and reduce differential 

settlement in critical transition zones. Asghari et al. [24] investigated the dynamic behavior of railway bridge-track transition zones 

considering the effects of approach slab length, thickness, and train speed using a three-dimensional FEM model. The results indicate 

that increasing train speed intensifies deformation in the transition zone. Increasing the thickness and length of the approach slab 

significantly reduces deformation and improves track performance. The study highlights the importance of proper transition zone 

design to mitigate stiffness changes and dynamic loads. Hassan et al. [25] investigated the dynamic performance of railway transition 

zones between rigid structures and embankments using a validated three-dimensional finite element model. A parametric analysis 

was conducted to evaluate the effects of approach slab geometry and wedge-shaped backfill on reducing dynamic impacts and 
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differential settlement. Results indicate that increasing slab thickness and length significantly reduces rail displacement, with 

thickness having a stronger influence. The study also shows that wedge-shaped backfill improves stiffness transition and overall 

track performance under high-speed loading. 

In recent years, geosynthetic reinforcement has become an effective solution for improving the performance of geotechnical 

systems subjected to dynamic loading, particularly in transportation infrastructure. Previous studies have employed analytical 

formulations, laboratory experiments, centrifuge testing, and three-dimensional finite element simulations to investigate the 

behavior of reinforced embankments, pile-supported systems, reinforced foundations, and load transfer platforms under moving and 

cyclic loads. These investigations consistently demonstrated that geotextiles and geogrids enhance stress distribution, improve 

lateral confinement, reduce permanent deformation and settlement, and increase the overall stability and serviceability of reinforced 

soil systems [26-36]. 

Despite the considerable body of research on railway transition zones, previous studies have predominantly focused on transition-

zone geometry optimization, stiffness variation analysis, settlement prediction, moving-load modeling, and dynamic vehicle-track 

interaction. Although these investigations have significantly improved the understanding of transition-zone behavior, limited 

attention has been devoted to the combined application of geotextile reinforcement and cement-stabilized ballast as a practical 

solution for mitigating stiffness discontinuities in slab-ballast transition zones. Furthermore, the influence of geotextile 

reinforcement length on the mechanical performance of high-speed railway transitions has not been systematically quantified. 

Therefore, a clear research gap remains regarding the effectiveness of geotextile confinement mechanisms and their contribution to 

stiffness enhancement and displacement reduction under high-speed railway loading conditions. 

To address this gap, the present study develops a comprehensive three-dimensional finite element model to investigate the 

behavior of geotextile-reinforced slab-ballast transition zones. The proposed approach incorporates geotextile layers within cement-

stabilized ballast and systematically evaluates the performance of different reinforcement lengths (6, 9, and 12 m). The principal 

novelties of this research include: (I) the development of a detailed 3D finite element framework for geotextile-reinforced railway 

transition zones; (II) the investigation of geotextile confinement effects on ballast behavior and stress redistribution; (III) the 

evaluation of the optimal reinforcement length for minimizing rail deflection and track deformation; and (IV) the quantification of 

track stiffness enhancement achieved through geotextile inclusion. By applying quasi-static loading near the slab-ballast interface, 

the study provides new insights into the mechanisms governing stiffness transition and offers a practical design framework for 

improving the long-term performance and structural reliability of high-speed railway infrastructure. 

2. Numerical simulation 

The numerical analysis was performed using ABAQUS 2017 finite element software. To achieve a balance between 

computational efficiency and accuracy, the model was initially conceptualized in 3D and then refined to capture the critical dynamic 

responses of the transition zone. 

2.1. Geometry and model components 

The geometric configuration of the transition zone was developed in accordance with Instruction 301 (Technical Specifications 

for Railway Tracks) to ensure structural compliance (Fig. 1). The foundation of the model comprises an embankment modeled as a 

solid block with a length of 100 m, a height of 2.3 m, and a width of 7 m. Integrated into this system is a 50-m-long slab track 

section, characterized by a width of 3.6 m and a height of 0.5 m, which includes pre-defined recesses for precise sleeper placement 

(Table 1). To represent the flexible portion of the track, a ballast layer extending 47.4 m was incorporated with a total thickness of 

50 cm. This thickness accounts for the mandatory 35-cm minimum clearance beneath the sleepers plus the sleeper height, while the 

top width of 3.4 m provides a 40-cm ballast shoulder to maintain lateral stability during high-speed operations. 

 
Fig. 1. General view of the 3D finite element model of the railway track system developed in Abaqus. 
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Table 1. Material properties used in the finite element model. 

Model components Density (kg/m3) Poisson’s ratio Modulus of elasticity (MPa) 

Rail 7850 0.3 210000 

Traverse 2500 0.2 29000 

Ballast 1900 0.3 300 

Railway embankment 1950 0.33 95 

Element designed for cement-stabilized ballast 2500 0.2 25700 

Slab track 3000 0.17 45000 

The geotextile reinforcement was modeled using shell elements available in ABAQUS. A linear elastic constitutive model was 

adopted because the primary function of the geotextile in railway applications is to provide tensile reinforcement and lateral 

confinement, while its bending stiffness is generally negligible compared with the surrounding granular materials. The geotextile 

was therefore assumed to behave as a tension-resisting membrane with linear elastic properties throughout the analyzed loading 

range. The material properties were defined according to the manufacturer's technical specifications, including a tensile strength of 

70 kN/m and a nominal thickness of 6.2 mm. Based on these parameters, the equivalent axial stiffness (EA) and corresponding 

elastic modulus were calculated and assigned to the shell elements. This modeling approach has been widely adopted in numerical 

studies of geosynthetic-reinforced transportation infrastructure and provides a reasonable representation of the reinforcement 

mechanism while maintaining computational efficiency. 

Only one geotextile type was considered in the present study, and its mechanical properties were maintained constant in all 

simulations to isolate the influence of reinforcement length on transition-zone performance. 

In the present study, the ballast layer was modeled as a linear elastic material to provide a consistent basis for comparing the 

relative effectiveness of different geotextile reinforcement lengths under identical modeling assumptions. This simplification was 

considered appropriate because the primary objective was to evaluate the comparative improvement in transition-zone performance 

rather than to reproduce the full nonlinear behavior of ballast materials. Nevertheless, it is recognized that railway ballast exhibits 

stress-dependent stiffness, irreversible plastic deformation, particle breakage, and rearrangement under repeated loading cycles, 

which are not explicitly captured in the current model. 

The superstructure and reinforcement elements were modeled to capture the mechanical interactions at the interface. Concrete 

sleepers, with dimensions of 2.6 × 0.25 × 0.22 m (length × width × height), were positioned within the trackbed. The rail was 

represented by a rectangular section with an equivalent cross-sectional area of 0.0162 m2, meticulously calibrated to match the 

moment of inertia and standard properties of a UIC 60 rail profile. Furthermore, the geosynthetic (geotextile) reinforcements were 

modeled as specialized elements designed to provide axial tensile strength and confinement (Table 2). These elements were 

specifically characterized by their zero bending stiffness, ensuring they resist only tensile forces to enhance the structural integrity 

of the ballast layer within the critical transition region. 

Table 2. Characteristics of the applied geosynthetic material. 

Name Geotextile (800 g/m²) 

Polymer type PET 

Unit weight (gr/m2) 800 

Thickness (mm) 6.2 

Elongation in grab test Over 50% 

Wide-width tensile strength (kN/m) 70 

Visible pore size (mm) 0.09 

Permeability (cm/sec) 0.20 

2.2. Interactions and boundary conditions 

To simulate the physical connectivity of the track components, the rail-sleeper connections were modeled using linear springs 

to represent the rail pads and fastening systems. For the interfaces between the ballast/embankment and slab/subgrade, tie constraints 

were employed assuming no-slip conditions, justified by the quasi-static nature of the loading (Fig. 2). To optimize computational 

efficiency, the slab and sleeper components were merged, given their negligible relative displacement. Regarding the boundary 

conditions, the bottom surfaces were fully fixed in all directions, while the longitudinal ends were constrained to prevent any out-

of-plane movement. 

To minimize the influence of artificial boundary reflections, a total model length of 100 m was adopted based on 

recommendations reported in previous finite element studies of railway track systems. This length was considered sufficient to 

ensure that reflected stress waves do not significantly affect the response within the transition zone, which constitutes the primary 

region of interest. Nevertheless, it is acknowledged that advanced boundary treatments, such as infinite elements, viscous 

boundaries, or absorbing boundary conditions, may further reduce wave reflections in fully dynamic moving-load simulations. The 

implementation of such techniques is recommended for future investigations involving transient vehicle-track interaction analyses. 
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Fig. 2. Illustration of the interaction properties and boundary conditions assigned to the rail-sleeper and sleeper-ballast interfaces. 

2.3. Loading and dynamic impact factor 

The wheel loads were applied as quasi-static concentrated loads, incorporating dynamic effects at high speeds by multiplying 

the static wheel load (Ps) by a dynamic impact factor (φ), as Eq. 1. 

𝑃𝑑 = 𝜑. 𝑃𝑠  (1) 

The impact factor was determined using a formula calibrated for the specific conditions of the Iranian railway network (Eq. 2). 

𝜑 = 1 + 4/73
𝑉

𝐷
  (2) 

where V represents the train speed (km/h) and D is the wheel diameter (840 mm). Two distinct speed scenarios of 160 km/h and 500 

km/h were analyzed, with loads strategically positioned 3 meters from the transition interface to accurately capture the peak vertical 

displacement (Table 3 and Fig. 3). 

Table 3. Loading values of different train elements. 

Train components Load (N) 

Locomotive body 1115000 

Wagon body 940000 

Three-axle bogie (locomotive) 180000 

Two-axle bogie (wagon ( 42000 

Locomotive bogie axle 58000 

Wagon bogie axle 18000 

Total 2353000 

 

 
Fig. 3. Application of concentrated wheel loads on the rail surface for dynamic analysis and impact factor evaluation. 
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The Dynamic Impact Factor (DIF) adopted in this study was selected to account for the amplification of wheel loads induced by 

train speed and track irregularities. The employed formulation has been widely used in railway engineering practice and provides a 

simplified yet effective representation of speed-dependent dynamic loading effects. Although the adopted approach does not 

explicitly simulate moving wheel loads or vehicle-track interaction, it enables the incorporation of dynamic load amplification 

within a computationally efficient framework suitable for comparative parametric investigations of transition-zone performance. In 

addition to current high-speed railway operating conditions, a train speed of 500 km/h was considered as an upper-bound design 

scenario to evaluate the robustness of transition-zone performance under future ultra-high-speed railway systems. The inclusion of 

this speed does not imply current operational practice; rather, it reflects the growing interest in next-generation transportation 

technologies and the need to assess infrastructure performance beyond existing high-speed rail limits. As highlighted by Connolly 

and Costa (2020), the geodynamics of very-high-speed transport systems represent an emerging research area requiring the 

evaluation of track and subgrade behavior under increasingly demanding operational conditions. Accordingly, the 500 km/h scenario 

was adopted to investigate the resilience of the proposed geotextile-reinforced transition zone under extreme but plausible future 

loading conditions. The loading position was selected based on the findings of Shan et al. (2013), who reported that the region 

approximately 3 m away from the transition interface is where the most significant changes in response and peak displacements are 

observed. In addition, preliminary numerical analyses performed during the model development stage of this study also indicated 

that the maximum rail displacement occurs in the vicinity of this location. Therefore, the load was applied at this distance to capture 

the critical response behavior of the transition zone.  

In this study, a dynamic-equivalent loading approach based on the Dynamic-Implicit formulation is adopted. Accordingly, 

explicit damping definitions such as Rayleigh damping are not introduced, as the response is governed by quasi-static equilibrium 

with inertia effects rather than full transient wave propagation. Nevertheless, it is recognized that energy dissipation mechanisms, 

including material and radiation damping, may influence the system response. These effects are therefore suggested to be 

incorporated in future studies for more comprehensive dynamic simulations. It should be noted that the present modeling framework 

does not represent a fully coupled vehicle-track dynamic interaction analysis. Instead, dynamic effects associated with train speed 

are incorporated through a Dynamic Impact Factor (DIF) applied to the static wheel loads. Therefore, the adopted methodology 

should be interpreted as a dynamic-equivalent analysis rather than a moving-load dynamic simulation. The adopted methodology 

represents a dynamic-equivalent analysis in which train-induced dynamic effects are incorporated through a Dynamic Impact Factor 

(DIF) rather than a fully coupled moving-load simulation. This simplified approach is commonly used in railway engineering studies 

to evaluate the influence of speed-dependent load amplification while maintaining computational efficiency. 

The selected transition lengths of 6 m, 9 m, and 12 m were defined based on practical railway construction considerations. These 

values were chosen to represent short, medium, and extended reinforcement zones commonly implemented in transition-zone 

improvement practices. This range is consistent with typical design recommendations reported in railway engineering studies and 

allows for a comparative assessment of different reinforcement extents on system performance. 

2.4. Solver and meshing 

The Dynamic-Implicit solver was employed to ensure numerical convergence while accurately capturing time-dependent 

responses. The meshing strategy incorporated C3D8 (8-node linear brick) and C3D10 (10-node quadratic tetrahedron) elements for 

solid components, while S4 (4-node shell) elements were utilized for planar reinforcements. Furthermore, the mesh density was 

locally refined at the transition interface and beneath the loading points to enhance the accuracy of gradient calculations in these 

critical zones (Fig. 4). 

 
Fig. 4. Discretized finite element mesh of the 3D model with local mesh refinement in the zone of interest. 

2.5. Mesh convergence study 

To ensure that the numerical results are independent of mesh density, a mesh convergence study was performed. Three different 
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mesh configurations were considered by progressively refining the mesh in the transition zone and beneath the loading area, where 

the highest stress and displacement gradients occur. The maximum vertical rail displacement was selected as the convergence 

criterion because it represents the primary response parameter used throughout the study. The results indicate that increasing the 

mesh density beyond the medium refinement level produced only marginal changes in the predicted rail displacement. The 

difference between the medium and fine meshes remained below 3%, demonstrating that the numerical solution had reached mesh 

independence. Therefore, the medium-fine mesh configuration was adopted for all subsequent analyses to achieve a suitable balance 

between computational efficiency and solution accuracy [37, 38]. 

2.6. Track bed stiffness 

The track bed stiffness (K) is defined as the force required to produce a unit vertical displacement (Y), calculated as Eq. 3. 

𝐾 =
𝑃𝑠

𝑌
=

𝑃𝑠

∑ 𝑌𝑛±𝑚
𝑚=∞
𝑚=0

  (3) 

This parameter serves as a key performance indicator (KPI) to evaluate the effectiveness of geotextile reinforcement in 

smoothing the stiffness transition between the ballasted track and the slab track sections. 

The reported stiffness values in this study (Fig. 5) correspond to the equivalent track-bed stiffness, which is calculated using Eq. 

3. This parameter accounts for the combined contribution of the track system components and is employed consistently throughout 

the numerical model to represent the stiffness condition of the railway structure. 

3. Validation of the numerical model 

To ensure the accuracy and reliability of the finite element simulations, the developed ABAQUS model was validated against 

the full-scale laboratory experimental results reported by Esen et al. [12]. Their study provides a comprehensive assessment of the 

immediate and long-term settlement behavior of GRS railway structures under cyclic loading for both slab track and ballasted track 

configurations. In the present study, the numerical framework was calibrated to replicate the experimental setup, material properties, 

and loading conditions of the reference study. The mean vertical displacement of the rail under static loading was extracted and 

compared with the experimental data from (Fig. 6). As summarized in Table 4, the maximum discrepancy between the numerical 

predictions and the experimental measurements remained below 10%. This high degree of correlation demonstrates the capability 

of the developed model to accurately capture the geomechanical response of the system, thereby justifying its use for further 

parametric investigations. 

Although the agreement between the numerical predictions and the experimental measurements demonstrates the capability of 

the developed model to reproduce the observed rail displacement behavior, it should be noted that the validation was performed 

using vertical rail displacement as the primary response parameter. This selection was dictated by the availability of experimental 

data reported by Esen et al. [12], which mainly focused on displacement measurements. Additional validation using ballast stress 

distributions, permanent settlement accumulation, and field-monitoring data from railway transition zones would provide a more 

comprehensive assessment of model reliability and is recommended for future studies. 

 
(a) 
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(b) 

Fig. 5. Spatial variation of equivalent track-bed stiffness along the slab-ballast transition zone for different geotextile reinforcement 

lengths (6, 9, and 12 m) under: (a) 160 km/h; and (b) 500 km/h. 
 

 
Fig. 6. Validation of the FE model: comparison of average vertical rail displacement between ABAQUS numerical results and 

experimental data for ballasted and slab track systems. 
 

Table 4. Comparison of mean vertical rail displacements for different track types under static load. 

Time 

(s) 

Displacement for 

slab track (mm) 

Displacement for slab 

track by ABAQUS (mm) 

Percentage 

difference (%) 

Displacement for 

ballasted track (mm) 

Displacement for ballasted 

track by ABAQUS (mm) 

Percentage 

difference (%) 

50 -1.223 -1.133 7.36 -2.722 -2.552 6.24 

725 -1.315 -1.2 8.74 -2.858 -2.758 3.5 

750 -1.567 -1.398 10.78 -3.279 -3.018 7.96 

1325 -1.651 -1.537 6.9 -3.376 -3.108 7.94 

4. Results and discussion 

4.1. Numerical analysis of the transition zone in the absence of a concrete approach slab 

The simulation results for the transition zone without a concrete approach slab are presented in Fig. 7. The maximum vertical 
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rail deflection is recorded at approximately 153.18 mm and 180.75 mm for operational speeds of 160 km/h and 500 km/h, 

respectively. This rapid manifestation of displacement within a short longitudinal distance (less than 6 m) is attributed to the stiffness 

discontinuity at the ballast-to-slab interface, which induces significant dynamic impact loads on the superstructure. The analysis 

reveals that the peak vertical displacement occurs 3 meters from the transition onset – a phenomenon governed by the rail’s flexural 

rigidity and the spring-mass modeling of the fastening system – marking the most critical loading state. Based on the analytical 

framework established in Section 2.6, the calculated track bed stiffness values for the specified speeds are 3,649 N/mm and 6,202 

N/mm. These results serve as a baseline for the subsequent parametric study on geotextile integration to optimize track stiffness and 

minimize vertical oscillations in the transition region. 

 
Fig. 7. Vertical rail displacement without a concrete approach slab. 

4.2. Effects of train velocity and geotextile reinforcement on transition zone performance 

Figs. 8 and 9 present a comparative analysis of vertical rail deflections within the transition zone, specifically investigating the 

efficacy of a single geotextile layer (as per Section 2.1 specifications) integrated with cement-stabilized ballast and concrete slab 

sections. At an operational speed of 160 km/h, the implementation of a 6-meter cement-stabilized ballast layer with geotextile results 

in a vertical rail deflection of approximately 85.15 mm. This deflection is reduced to 76.59 mm and 70.08 mm for 9-meter and 12-

meter reinforced zones, respectively. At a higher velocity of 500 km/h, the corresponding deflections are 93.74 mm, 84.17 mm, and 

75.55 mm for the 6-, 9-, and 12-meter reinforced sections. These rapid, localized deflections (< 6 m track length) are indicative of 

significant dynamic loading stemming from the impulsive and transient nature of high-speed train wheel-rail interaction. 

 
Fig. 8. Vertical rail displacement with cement-stabilized ballast implementation at 160 km/h. 
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Fig. 9. Vertical rail displacement with cement-stabilized ballast implementation at 500 km/h. 

The railbed stiffness for these transition zones, augmented by geotextile, demonstrates a marked increase. For the 160 km/h 

scenario, stiffness values ascend from 6,565 N/mm (6m) to 7,299 N/mm (9m) and 7,977 N/mm (12m). At 500 km/h, these values 

escalate substantially to 11,993 N/mm, 13,318 N/mm, and 14,838 N/mm, respectively. The graphical data reveal that the extension 

of the transition zone by incorporating geotextile – promoting confinement effects within the cement-stabilized ballast and concrete 

slab, and enhancing their tensile capacity – leads to a notable reduction in vertical rail deflections. At 160 km/h, the percentage 

reduction in deflection is 44.41%, 50%, and 54.25% for the 6-, 9-, and 12-meter transition lengths, respectively. Correspondingly, 

at 500 km/h, these reductions are 48.29%, 53.43%, and 58.2%. Notably, the percentage reduction in deflection does not exhibit a 

commensurate increase with velocity. This observation is ascribed to the inherent transience of high-speed loading; the very short 

wheel-rail contact duration limits the extent to which higher speeds can amplify the effectiveness of the deflection reduction strategy, 

even though the absolute deflection values may change. 

4.3. Comparative analysis of vertical rail displacement mitigation strategies in transition zones 

Table 5 provides a comparative assessment of various strategies for mitigating vertical rail displacement, quantifying the 

percentage reduction relative to a baseline scenario lacking a concrete approach slab. 

Table 5. Comparative analysis of vertical rail displacement mitigation strategies in transition zones. 

Transition zone 

modeling method 
Design speed (km/h) 

Approach slab length 

(transition zone, m) 

Maximum vertical rail displacement 

in the transition zone (mm) 

Percentage reduction in 

displacement  )%( 

Without concrete 

approach slab 

160 — 153.18 — 

500 — 180.75 — 

Cement-stabilized 

ballast 

160 6 119.91 21.72 

160 9 110.93 27.59 

160 12 103.67 32.32 

500 6 126.18 30.19 

500 9 116.91 35.32 

500 12 107.79 40.36 

Geosynthetic layer on 

cement-stabilized 
ballast 

160 6 85.15 44.41 

160 9 76.59 50 

160 12 70.08 54.25 

500 6 93.47 48.29 

500 9 84.17 53.43 

500 12 75.55 58.2 

 In contrast, the implementation of a 12-meter cement-stabilized ballast layer demonstrates significant efficacy, achieving 

approximately a 40% reduction in vertical rail displacement within the transition zone compared to the unreinforced condition. 
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However, the optimal strategy identified for minimizing vertical rail deflection in the transition zone is the combined application of 

a geosynthetic layer atop a 12-meter cement-stabilized ballast section. This integrated approach yields a substantial approximate 

reduction of 58%, representing the most effective solution investigated. 

4.4. Influence of geotextile reinforcement and transition length on vertical rail displacement reduction 

Fig. 10 shows that the investigated track stabilization techniques, including cement-stabilized ballast and the combined use of 

geosynthetics with cement-stabilized ballast, can reduce vertical rail displacement by up to 54% at a constant speed of 160 km/h. 

This reduction is mainly associated with the improved confinement provided by the geosynthetic-reinforced cement-stabilized 

ballast layer. 

 
Fig. 10. Maximum percentage reduction in vertical rail displacement at speeds of 160 and 500 km/h. 

In addition, extending the pre-slab zone length further decreases vertical rail displacement by approximately 10% in the cement-

stabilized ballast case and by about 10% when geosynthetics are incorporated. This beneficial effect is attributed to a wider stress 

distribution zone and the increased effective anchorage length of the geosynthetic reinforcement. 

5. Limitations and future research 

The present study employs a dynamic-equivalent loading approach in which train-induced dynamic effects are represented 

through a Dynamic Impact Factor (DIF). Although this methodology captures the influence of speed-dependent load amplification, 

several aspects of railway dynamics are not explicitly considered, including moving wheel loads, axle-spacing effects, transient load 

redistribution, and coupled vehicle-track interaction mechanisms. Consequently, the obtained results should be interpreted within 

the scope of a simplified engineering assessment of transition-zone performance. Future research should extend the developed 

numerical framework by incorporating moving-load simulations, vehicle-track-subgrade interaction models, and time-dependent 

dynamic analyses. Such developments would enable a more comprehensive evaluation of vibration propagation, resonance 

phenomena, and the long-term behavior of geotextile-reinforced transition zones under realistic operational conditions. 

Future validation efforts should extend beyond displacement-based comparisons and include additional response indicators such 

as stress distribution within ballast layers, permanent settlement evolution, and field-monitoring measurements from operational 

railway transition zones. Such multi-parameter validation would further enhance confidence in the predictive capability of the 

proposed numerical framework. Another limitation of the present numerical framework is the assumption of linear elastic behavior 

for the ballast layer. While this approach enables efficient comparison between different reinforcement configurations, it does not 

fully represent the nonlinear and path-dependent characteristics of ballast under repeated train loading. More advanced constitutive 

formulations, such as the Hardening Soil model, Drucker-Prager plasticity model, or Discrete Element Method (DEM)-based 

approaches, may provide more realistic predictions of ballast degradation, permanent settlement accumulation, and long-term track 

performance. Future studies should investigate the influence of these advanced material models on the effectiveness of geotextile-

reinforced transition zones. 

The present study focuses primarily on evaluating the influence of reinforcement length on the performance of railway transition 

zones, while the mechanical properties of the geotextile were kept constant throughout the analyses. Consequently, the effects of 

geotextile tensile stiffness, which is recognized as one of the most influential parameters governing reinforcement efficiency, were 

not explicitly investigated. Variations in tensile stiffness may significantly affect load transfer mechanisms, lateral confinement, 

membrane action, and the overall deformation response of the track structure. Therefore, the results presented herein should be 

interpreted within the context of the specific geotextile properties adopted in the numerical model. Future studies should perform 

comprehensive parametric analyses considering different levels of tensile stiffness (EA), soil-geotextile interface characteristics, 

ballast stiffness, reinforcement placement depth, and the use of multiple reinforcement layers to establish optimized design 

recommendations for high-speed railway transition zones. 

6. Practical implications 

Geotextile reinforcement is expected to enhance track performance and may contribute to reducing maintenance demands by 

improving the overall structural response of the railway transition zone. However, no explicit economic assessment is carried out in 

this study. Therefore, any statement regarding cost-effectiveness should be interpreted qualitatively rather than quantitatively. A 



Moslemi Patrudi et al. Civil Engineering and Applied Solutions, 2027; 3(2): 87–101 
 

99 

comprehensive life-cycle cost analysis and maintenance-benefit evaluation are recommended for future research to better quantify 

the economic implications of the proposed reinforcement approach. 

7. Conclusions 

The present study investigated the performance of geotextile-reinforced slab-ballast transition zones in high-speed railways using 

a three-dimensional dynamic-equivalent finite element framework. Based on the obtained results, the following conclusions can be 

drawn: 

• The developed numerical framework successfully quantified the influence of geotextile reinforcement on the mechanical 

response of railway transition zones and provided a practical methodology for evaluating stiffness-transition improvement 

strategies. 

• Geotextile inclusion within the cement-stabilized ballast layer enhanced the confinement of ballast particles and improved 

stress redistribution across the slab-ballast interface, resulting in a smoother transition of structural stiffness. 

• The results confirmed that train speed remains a dominant factor affecting transition-zone performance. Higher operating 

speeds increase dynamic load amplification and consequently intensify track deformation, highlighting the need for 

effective reinforcement measures in future high-speed railway systems. 

• Reinforcement length was identified as a key design parameter governing the effectiveness of geotextile stabilization. 

Extending the reinforcement zone improved load-transfer efficiency and increased the equivalent track-bed stiffness, 

leading to superior structural performance. 

• The combined application of geotextile reinforcement and cement-stabilized ballast demonstrated the most favorable 

response among the investigated mitigation techniques, indicating its potential as a practical reinforcement strategy for 

reducing vertical rail displacement and stiffness discontinuities in railway transition zones. 

• From an engineering perspective, the proposed reinforcement system may contribute to improved track stability, enhanced 

serviceability, and reduced maintenance requirements by mitigating excessive deformation at critical slab-ballast 

interfaces. 

• The study contributes to the existing literature by providing one of the first systematic assessments of geotextile 

reinforcement length in cement-stabilized railway transition zones and by clarifying the underlying confinement 

mechanisms responsible for performance improvement. 

• Despite these findings, the adopted methodology represents a dynamic-equivalent approach and does not explicitly account 

for moving-load effects, coupled vehicle-track interaction, or ballast material nonlinearity. Future research should therefore 

incorporate advanced dynamic simulations, field-scale validation, and parametric investigations of geotextile stiffness, 

interface behavior, and long-term cyclic performance to establish comprehensive design recommendations for next-

generation high-speed railway infrastructure. 
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A  R  T  I  C  L  E I  N  F  O 

Cracking in reinforced concrete (RC) members is a key mechanism governing stiffness 

degradation and seismic response of structural systems. This study examines the influence 

of different beam-cracking modeling approaches on the nonlinear seismic behavior of RC 

moment-resisting frames. Three RC frames with 3, 6, and 9 stories are analyzed under 

three modeling schemes: (1) uncracked elastic model, (2) code-based effective stiffness 

reduction model, and (3) localized cracking model distributed along beam elements. In the 

localized formulation, stiffness degradation is defined in a position-dependent manner, 

allowing non-uniform reduction along the member length to better represent crack 

concentration in plastic hinge regions and mid-span zones. This overcomes a major 

limitation of conventional effective stiffness methods, which assume uniform stiffness 

reduction and cannot capture spatial damage distribution. Nonlinear static (pushover) and 

nonlinear time-history analyses are performed using Imperial Valley, Duzce, and 

Northridge ground motions within a nonlinear analysis framework. Results show that 

cracking representation significantly affects seismic response. Considering cracking 

reduces initial stiffness, increases fundamental period, and decreases base shear capacity. 

In the code-based model, base shear capacity decreases by up to 32%, while roof 

displacement increases by 21%, 26%, and 8% for the 3-, 6-, and 9-story frames, respectively. 

The localized cracking model yields responses between the uncracked and code-based 

models and consistently predicts lower displacements than the latter. Crack distribution 

also significantly influences bending moments, plastic hinge formation, and energy 

dissipation. Overall, the localized cracking model provides an improved representation of 

stiffness degradation effects and a practical simplified framework for nonlinear seismic 

assessment of RC frames. 
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1. Introduction 

The bond between concrete and reinforcing steel constitutes one of the primary mechanisms responsible for force transfer and 

the satisfactory performance of reinforced concrete (RC) members. Perfect bond conditions do not exist in practice, and relative slip 

develops between concrete and reinforcement due to strain incompatibility between the two materials. This phenomenon leads to 

stiffness degradation, reduced energy dissipation capacity, and alterations in the ductility characteristics of structural members. 

Bond behavior is generally characterized through three successive stages: initial adhesion, stress transfer through reinforcement ribs 

following crack formation, and eventual bond failure resulting from insufficient concrete confinement. Crack distribution and strain 
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localization in RC members are governed by the interaction between concrete softening and reinforcement-induced tension 

stiffening, while crack spacing is influenced by energy dissipation mechanisms within the member [1]. 

Cracking is recognized as one of the most influential factors affecting both the stiffness and durability of RC members. Cracks 

may develop due to flexure, shear, torsion, concrete shrinkage, reinforcement corrosion, thermal variations, and differential 

settlement, thereby influencing structural performance at both serviceability and ultimate limit states [1]. Although reinforcement 

contributes to controlling crack propagation and improving crack distribution, the post-cracking response remains highly dependent 

on concrete-steel bond characteristics, confinement conditions, and the nonlinear behavior of the constituent materials. 

Extensive research has been conducted on bond-slip behavior and the modeling of concrete-steel interaction. The concrete-steel 

interface has been represented as a bond zone in which force transfer is simulated through bond stresses and relative slip. Despite 

providing accurate predictions, the increased number of degrees of freedom and the associated computational complexity have 

limited the applicability of such approaches in large-scale structural models [2]. Experimental bond stress-slip relationships under 

monotonic and cyclic loading conditions have been widely employed in the analysis of RC members and connections [3], and 

numerical investigations have demonstrated that accurate prediction of structural response requires the simultaneous consideration 

of reinforcement nonlinearity and bond-slip effects [4, 5]. 

To reduce computational demands, several simplified modeling approaches have been proposed. Equivalent reinforcement 

stiffness formulations allow bond-slip effects to be incorporated without significantly increasing model degrees of freedom [6], 

while fiber-based formulations represent bond-slip effects through equivalent strain components within member behavior [7-10]. 

Bond interface elements developed within the finite element framework have demonstrated considerable capability in reproducing 

the hysteretic response of RC members, although at the expense of higher computational cost [11-14]. Neglecting bond-slip effects 

leads to an overestimation of member stiffness and an underestimation of displacement demands in RC structures [15-17]. The 

representation of bond-slip behavior in regions experiencing inelastic deformations, particularly within plastic hinge zones, remains 

a challenge for conventional models and often requires additional modifications [18, 19]. Consequently, advanced analytical models 

have been proposed to predict bond-slip behavior and associated failure mechanisms with greater accuracy [20]. 

Alongside bond modeling, considerable attention has been devoted to crack propagation and its influence on the structural 

behavior of RC members. Crack location and depth can substantially affect the dynamic response and natural frequencies of 

structural elements [21, 22], and crack propagation in heterogeneous materials may significantly alter failure paths and damage 

evolution patterns [23-25]. Reinforcement corrosion and associated cracking phenomena have been identified as major contributors 

to stiffness degradation and durability reduction [26, 27]. Explicit formulations describing strain and slip distributions along 

reinforcing bars, while accounting for bond degradation mechanisms, have been developed to address localized cracking behavior 

[28-32], and studies on nonlinear RC frame modeling have further highlighted the significant role of connection deformability in 

determining seismic response characteristics [33]. Cracking has been shown to contribute to reductions in dynamic stiffness, 

modifications of modal characteristics, and deterioration of serviceability performance in RC structures [34]. Long-term crack 

development accelerates stiffness degradation and increases seismic vulnerability over time [35], while pre-existing cracks may 

adversely affect the residual strength of structural members subjected to fire exposure [36]. The reinforcement ratio and steel fiber 

reinforcement have been identified as significant parameters governing member ductility and post-cracking behavior. Fracture 

mechanics-based approaches and fictitious crack models have been developed to predict the nonlinear behavior of cracked RC 

beams, offering improved representation of these phenomena [37-40]. 

Despite substantial progress in this field, most existing seismic assessment approaches still represent cracking effects using 

uniform effective stiffness reduction factors applied along the entire member length. This simplifying assumption neglects the 

spatially non-uniform nature of cracking in RC members, particularly under seismic loading conditions. In reality, crack formation 

is highly localized and tends to concentrate in regions of maximum curvature demand, such as beam-column joints and potential 

plastic hinge zones. 

However, conventional effective stiffness methods do not explicitly capture: (I) spatial variability of cracking along the member 

length, (II) interaction between localized cracking and plastic hinge formation, and (III) the resulting non-uniform stiffness 

degradation governing nonlinear seismic response behavior. As a result, these approaches may introduce bias in the prediction of 

stiffness distribution, displacement demand deformation distribution, and energy dissipation capacity of RC structural systems. 

Although fiber-based and detailed finite element models can represent such localized effects with higher accuracy, their 

implementation generally requires more detailed modeling assumptions and higher computational effort, which may limit their 

application in large-scale parametric seismic studies. 

To address this limitation, the present study proposes a localized, position-dependent beam cracking representation, in which 

stiffness reduction is applied non-uniformly along beam elements based on expected damage concentration zones, including plastic 

hinge regions and mid-span areas. Unlike conventional code-based approaches, the proposed model explicitly accounts for the 

spatial distribution of cracking rather than assuming uniform stiffness loss. 

The novelty of this study lies in systematically investigating the influence of spatially varying cracking representation on the 

nonlinear seismic response of RC moment-resisting frames with different heights. The proposed formulation provides an 

intermediate modeling framework between simplified code-based stiffness assumptions and more detailed nonlinear modeling 

approaches by incorporating spatially varying stiffness degradation within conventional frame analysis procedures. From a practical 

standpoint, the proposed method enhances the understanding of stiffness redistribution, plastic hinge development, and energy 
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dissipation mechanisms, thereby offering improved insight for performance-based seismic assessment of RC structures. 

Accordingly, the proposed framework introduces a position-dependent stiffness degradation strategy along RC beams that 

captures localized cracking effects in critical regions, providing a more detailed representation of stiffness variation compared with 

conventional uniform stiffness reduction approaches within nonlinear seismic analysis. 

2. Numerical modeling and methodology 

2.1. Design and modeling of structural frames 

In this study, three-, six-, and nine-story reinforced concrete (RC) moment-resisting frames with residential occupancy and 

regular configurations in both plan and elevation were investigated. The structures were assumed to be located in a region of high 

seismic hazard and founded on Type II soil, in accordance with the Fourth Edition of the Iranian standard No. 2800. Structural 

modeling and analyses were performed using the SAP2000 software package. 

To evaluate the influence of stiffness degradation caused by beam cracking on the seismic response of RC structures, nonlinear 

static (pushover) and nonlinear dynamic analyses were conducted. The nonlinear dynamic analyses were performed using three 

near-fault ground motion records, namely Imperial Valley, Duzce, and Northridge earthquakes. The dead loads of floors and roof 

were taken as 550 kg/m², while the live loads of floors and roof were assumed to be 200 kg/m² and 150 kg/m², respectively. A story 

height of 3.2 m was considered for all structures, and the lateral load-resisting system was selected as a reinforced concrete 

intermediate moment-resisting frame. The analytical models of the studied frames are presented in Figs. 1 to 3. 

 
Fig. 1. Three-story intermediate reinforced concrete moment-resisting frame. 

 

 
Fig. 2. Six-story intermediate reinforced concrete moment-resisting frame. 
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Fig. 3. Nine-story intermediate reinforced concrete moment-resisting frame. 

To investigate the influence of cracking modeling approaches on the seismic behavior of the structures, three different modeling 

scenarios were considered: (I) an uncracked model, (II) a code-based stiffness reduction model, and (III) a localized cracking model. 

In the first scenario, the beam stiffness was defined without considering the effects of cracking. In the second scenario, beam stiffness 

was reduced according to the provisions of the Iranian standard No. 2800 by applying a stiffness modification factor of 0.35 to the 

flexural stiffness of beam members. In the third scenario, stiffness reduction was implemented locally in regions susceptible to crack 

concentration and plastic hinge formation. 

Within the proposed localized cracking approach, the effective stiffness values of beam members were determined using the 

analytical relationships developed in the present study and subsequently assigned to critical regions of the beams, including both 

end zones and the mid-span region. Based on the findings reported by Forouzan [41], the stiffness degradation resulting from 

localized cracking and bond-related effects can be represented through an equivalent modification of the effective beam stiffness. 

The formulation proposed by Forouzan [41] was developed based on experimental investigations on reinforced concrete beam 

specimens, and its applicability was examined through comparisons with available experimental results. In this approach, the 

adjusted steel elastic modulus is introduced only as a numerical parameter to reproduce the experimentally supported reduction in 

member-level stiffness within the cracked regions of the beam model. Accordingly, the modified values were implemented within 

the beam elements to simulate the influence of localized deterioration effects on the global seismic response. The stiffness reduction 

factors employed in the analyses were calculated based on the analytical formulations proposed in this study and the reference 

methodology presented in Forouzan [41]. 

In this study, in order to account for the effect of slip in the beam-column connection region, the total beam displacement is 

decomposed into two components: flexural displacement, Δ𝑏𝑒𝑛𝑑𝑖𝑛𝑔 , and displacement induced by connection rotational slip, Δ𝜃 . 

Accordingly, the total member displacement is obtained as the sum of these components, expressed as Δ𝑡𝑜𝑡𝑎𝑙 = Δ𝑏𝑒𝑛𝑑𝑖𝑛𝑔 + Δ𝜃. 

The slip in the fixed-end region is further divided into two parts: axial slip resulting from the pull-out of embedded reinforcing 

bars, Δ𝑎𝑥𝑖𝑎𝑙 , and slip induced by flexural cracking in the beam end region, Δ𝑏𝑒𝑛𝑑𝑖𝑛𝑔. These two components are combined based on 

the principle of superposition to represent the total connection slip. The same slip-based stiffness modification framework was 

applied consistently across all three modeling scenarios to ensure uniform consideration of bond-slip effects. 

The axial slip behavior is modeled based on the bond stress between concrete and steel along the development length of the 

reinforcing bars. For this purpose, analytical relationships and stress-slip models calibrated against experimental results are 

employed, and calibration parameters are adopted from previous studies [42]. In addition, the Gergely-Lutz empirical relationship 



Abbasalipour et al. Civil Engineering and Applied Solutions, 2027; 3(2): 102–121 
 

106 

is used to control crack width and to establish a link between cracking and slip behavior [43]. The second component of slip is 

associated with flexural cracking in the beam end region, where, after cracking, the tensile contribution of concrete is neglected, 

and force transfer is primarily carried by steel reinforcement. In this context, compatibility of strains and section equilibrium 

relations are used to incorporate the effect of this type of slip on the displacement response of the member. Finally, the total slip and 

beam displacement are implemented in the numerical model as an equivalent effect on the torsional and flexural stiffness of the 

member and are used in the nonlinear structural analysis. 

2.2. Modification of beam stiffness due to bond slip 

To incorporate the effect of end rotation in the plastic hinge region, the beam flexural stiffness (𝐸𝐼) is reduced within the plastic 

hinge length, 𝐿𝑃, at the member end, while the supports are modeled as fixed. In the present study, the localized cracking region is 

assumed to coincide with the plastic hinge zone at the beam ends, where the stiffness degradation associated with cracking and 

bond-slip effects is introduced. Accordingly, the length of the affected region is defined by the plastic hinge length 𝐿𝑃. For the 

determination of the plastic hinge length 𝐿𝑃, several empirical relationships have been proposed, among which the Sheikh and 

Bayrak formulation is commonly used. This expression includes parameters such as the section depth and an experimentally 

calibrated coefficient (ranging between 0.9 and 1.0) [44]. In the present study, an appropriate value of this coefficient is selected 

based on the modeling conditions. Subsequently, by equating the displacement obtained from the modified stiffness model with the 

displacement resulting from the rotational stiffness 𝑘𝜃 at the support, and employing the moment-area method, the equivalent 

stiffness in the plastic hinge region, 𝐸𝐼𝑒𝑞 , is determined. 

2.2.1. Evaluation of the modified stiffness in an internal continuous beam 

Based on the study by Forouzan [41], in an internal continuous beam with an end rotational stiffness 𝑘𝜃 subjected to a uniformly 

distributed lateral load 𝑊, the lateral displacement consists of two components: the flexural deformation and the deformation 

induced by end rotation. Accordingly, the total displacement is expressed as shown in Eq. 1. 

Δ1 =
𝑊𝐿4

384𝐸𝐼
+

𝑊𝐿3

48𝑘𝜃
  (1) 

The first term represents the flexural deformation of the beam, while the second term corresponds to the additional deformation 

due to the rotational stiffness 𝑘𝜃 at the beam ends. In this stage, the beam behavior is idealized as a cantilever member with an 

effective length of 𝐿/2 (Fig. 4). 

 
Fig. 4. Bending moment diagram of the internal continuous beam, showing the plastic hinge (localized cracking) zones at the beam 

ends (Area 1) and the remaining elastic region (Area 2) [41]. 

By equating the actual beam deflection with that of an equivalent beam having a reduced flexural rigidity 𝐸𝐼𝑒𝑞 , and employing 

the moment-area method, the modified stiffness is determined. Accordingly, the bending moment distribution is evaluated 

considering symmetry in the two half-spans, and the moment functions are derived for two regions. Hence, the bending moment 

expression for Region 1 of the internal continuous beam is given by Eq. 2. 

𝑀1 = −
𝑊𝑥2

2
+

𝑊𝐿𝑥

2
−

𝑊𝐿2

11
  (2) 

The bending moment expression for Region 2 is given by Eq. 3. 

𝑀2 = 0.4987𝑊𝑥2 − 0.353𝑊𝐿𝑥  (3) 

Boundary conditions and symmetry at the supports and midspan are then applied to determine the unknown coefficients. The 

deflection is evaluated using the moment-area method for half of the span only, as in Eq. 4. 

Δ = ∫
𝑀(𝑥) 𝑥

𝐸𝐼
 𝑑𝑥  (4) 

Finally, the actual deflection is equated to the deflection of the equivalent model, as Eq. 5. 

Δ(𝐸𝐼𝑒𝑞) = Δ𝑟𝑒𝑎𝑙   (5) 

From this equality, the equivalent flexural rigidity 𝐸𝐼𝑒𝑞  is obtained as Eq. 6. 
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1

𝐸𝐼𝑒𝑞
=

1

𝐸𝐼
+

1

24𝛽𝑘𝜃𝐿
  (6) 

where 𝛽 = (−0.2495𝛼3 + 0.201𝛼2 − 0.004495𝛼) and 𝛼 = 𝐿𝑃 𝐿⁄ . The coefficient 𝛽 represents the position-dependent stiffness 

modification function used to describe the stiffness variation within the localized cracking region. Therefore, the stiffness reduction 

is not uniformly distributed along the beam length but is governed by the normalized cracked length parameter. 

2.2.2. Evaluation of the modified stiffness in an exterior continuous beam 

The moment distribution in an exterior continuous beam is not symmetric (Fig. 5); therefore, the rotations at the two supports 

are not identical. The maximum bending moment and maximum deflection occur at a distance of approximately 0.518𝐿  along the 

span. By dividing the beam into two segments, the exterior continuous beam can be idealized as two cantilever-type members with 

fixed-fixed-free boundary conditions, having lengths of 0.518𝐿  and 0.482𝐿, respectively. Each fixed-fixed-free beam segment with 

length 𝐿 is equivalent to a fixed-fixed beam with an effective length of 2𝐿 [41]. 

 
Fig. 5. Bending moment diagram of the exterior continuous beam [41]. 

2.2.3. Modified stiffness at 0.518L 

The bending moment diagram of a fixed-fixed beam with a total length of 1.036𝐿 is shown in Fig. 6. 

 
Fig. 6. Bending moment diagram of a fixed-fixed beam with a length of 𝟏. 𝟎𝟑𝟔𝑳 in the exterior continuous beam [41]. 

 

 
(a) 

 
(b) 

Fig. 7. (a) Simplified model of a fixed-free beam segment with length 𝟎. 𝟓𝟏𝟖𝑳 subjected to a uniformly distributed load; and (b) 

equivalent fixed-fixed beam model with length 𝟏. 𝟎𝟑𝟔𝑳 using 𝑬𝑰𝒆𝒒 [41]. 

If a beam with rotational stiffness 𝑘𝜃1 at both ends is subjected to a uniformly distributed horizontal load 𝑊, the horizontal 

displacement of the model shown in Fig. 7a is given as Eq. 7. 

Δ1 = 0.002999
𝑊𝐿4

𝐸𝐼1
+ 0.0347

𝑊𝐿3

𝑘𝜃1
  (7) 

where the first term represents the flexural deformation of the beam and the second term corresponds to the deformation induced by 

the end rotational stiffness 𝑘𝜃1. 

When the same load is applied to an equivalent beam with reduced flexural rigidity 𝐸𝐼𝑒𝑞  (Fig. 7b), the horizontal displacement 

is obtained using the moment-area method. The bending moment function is assumed in the form 𝑀 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐, and the 

coefficients 𝑎, 𝑏, and 𝑐 are determined by applying the boundary conditions. Consequently, the bending moment equation for the 

fixed-fixed beam under uniform loading is expressed as Eq. 8. 

𝑀 = −0.4913𝑊𝑥2 + 0.517𝑊𝐿𝑥 −
𝑊𝐿2

16
  (8) 
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After applying the boundary conditions, the coefficients are obtained. The deflection is then computed using the moment-area 

integration and equated to the response of the reduced-stiffness model as shown in Eq. 9. 

Δ(𝐸𝐼𝑒𝑞) = Δ𝑟𝑒𝑎𝑙   (9) 

Accordingly, the modified stiffness 𝐸𝐼𝑒𝑞  at 0.518𝐿 is obtained as shown in Eq 10. 

1

𝐸𝐼1𝑒𝑞
=

1

𝐸𝐼1
+

0.01506

𝛽1𝑘𝜃𝐿
  (10) 

where 𝛽1 = (0.1663𝛼1
3 − 0.1878𝛼1

2 + 0.02913𝛼1) and 𝛼1 =
𝐿𝑃

1.036𝐿
. 

2.2.4. Modified Stiffness at 0.482L 

The bending moment diagram of a fixed-fixed beam with a length of 0.964𝐿 is presented in Fig. 8 [41]. 

 
Fig. 8. Bending moment diagram of a fixed-fixed beam with a length of 𝟎. 𝟗𝟔𝟒𝑳 in the side continuous beam [41]. 

 

 
(a) 

 
(b) 

Fig. 9. (a) Simplified model of a fixed-roller beam with a length of 𝟎. 𝟒𝟖𝟐𝑳 subjected to a uniformly distributed load; and (b) 

simplified model of a fixed-fixed beam with a length of 𝟎. 𝟗𝟔𝟒𝑳 subjected to a uniformly distributed load [41]. 

When a beam with rotational stiffness at both ends is subjected to a uniformly distributed horizontal load 𝑊, as shown in Fig. 

9a, the horizontal displacement is given by Eq. 11. 

Δ1 = 0.00225
𝑊𝐿4

𝐸𝐼2
+ 0.01866

𝑊𝐿3

𝑘𝜃2
  (11) 

The first term represents the flexural deformation of the beam, while the second term corresponds to the deformation associated 

with the rotational stiffness at the beam ends. When an equivalent load is applied to the beam with reduced stiffness 𝐸𝐼𝑒𝑞  at both 

ends (Fig. 9b), the horizontal displacement is determined using the moment-area method. The bending moment diagram of the fixed-

fixed beam with a length of 0.964𝐿 is divided into two segments. In each segment, the bending moment equation is expressed in 

the form 𝑀 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐, where the coefficients 𝑎, 𝑏, and 𝑐are obtained by applying the boundary conditions. The moment 

equation for the first region of the side continuous beam is expressed as Eq. 12. 

𝑀 = −0.5722𝑊𝑥2 + 0.5516𝑊𝐿𝑥 −
𝑊𝐿2

10
  (12) 

The moment equation for the second region of the side continuous beam is given by Eq. 13. 

𝑀 = 0.291𝑊𝑥2 − 0.2205𝑊𝑥  (13) 

Using symmetry, the analysis is performed for half of the beam, and the integration domain is divided into several segments. 

The displacement is obtained from the moment-area method and equated to that of the equivalent model as shown in Eq. 14. 

Δ(𝐸𝐼𝑒𝑞) = ∫𝑀(𝑥) 𝑥 𝑑𝑥  (14) 

Consequently, the modified stiffness 𝐸𝐼𝑒𝑞  at 0.482𝐿 is obtained, as shown in Eq. 15. 

1

𝐸𝐼2𝑒𝑞
=

1+0.003095/𝛽2

𝐸𝐼2
+

0.01041

𝛽2𝑘𝜃2𝐿
  (15) 
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where 𝛽2 = (0.21595𝛼2
4 − 0.2861𝛼2

3 + 0.1094𝛼2
2 + 0.1242𝛼2) and 𝛼2 =

𝐿𝑃

0.964𝐿
. 

2.2.5. Relationship between the stiffness of fixed-fixed beam sections at 0.518L and 0.482L 

According to the study by Forouzan [41], the formulations used in the present research have been derived and verified. In the 

side continuous beam, the stiffness on the two sides of the support is not identical. Assuming identical beam geometry along the 

span, this stiffness difference arises from variations in the amount of reinforcing steel. In addition, the displacement at the 0.518𝐿 

region is simultaneously influenced by both flexural deformation and rotational (torsional) deformation at the supports. Therefore, 

by having the properties of one span, the characteristics of the opposite side (including the amount of tensile and compressive 

reinforcement) can be determined through an iterative trial-and-error procedure. 

2.3. Calculation of 𝐸𝑠,𝑒𝑞  based on the modified stiffness 

In this study, the flexural stiffness of the beam is defined as the slope of the moment-curvature diagram. Based on equilibrium 

considerations and assuming yielding of the tensile steel, in the sectional analysis of the beam, the difference between tensile steel 

forces and the compressive forces contributed by concrete and reinforcing steel is evaluated by varying the neutral axis depth. This 

iteration is continued until the force imbalance becomes negligible. Once the neutral axis depth is determined, the yielding of the 

tensile reinforcement is verified. If yielding does not occur, the trial-and-error process is repeated until tensile yielding is achieved. 

After determining the neutral axis depth, the bending moment capacity is calculated. The stiffness is defined based on the 

relationship between moment and curvature and can be expressed as Eq. 16 [41]. 

𝐸𝐼 = 𝐴𝑠𝐸𝑠𝑗𝑑
2(1 − 𝑘)  (16) 

where 𝐴𝑠 is the area of tensile reinforcement, 𝐸𝑠 represents the elastic modulus parameter associated with the tensile reinforcement 

contribution in the section stiffness formulation, 𝑘 = [(𝜌 + 𝜌′)(𝜂)2 + 2(𝜌 + 𝜌′ 𝑑′/𝑑)𝜂]1/2 − (𝜌 + 𝜌′)𝜂 and 𝜌 is the ratio of tensile 

reinforcement area to concrete area, 𝜌′is the ratio of compressive reinforcement area to concrete area, and 𝜂 is the ratio of the 

modulus of elasticity of steel to that of concrete. According to Eq. (16), the reinforcement-related parameters have a significant 

influence on the calculated flexural stiffness of reinforced concrete beams, whereas changes in reinforcement area alone may not 

provide the required stiffness modification. Whereas changes in 𝐴𝑠 do not lead to the desired reduction in stiffness. Therefore, 

instead of directly modifying the constitutive behavior of reinforcing steel, an equivalent adjustment of the effective steel modulus 

is adopted to incorporate the stiffness degradation effect associated with cracking and bond-related effects, which consequently 

affects the parameters 𝜂 and 𝑘. Using Eq. 16 together with the previously derived 𝐸𝐼𝑒𝑞for each beam, the equivalent steel modulus 

𝐸𝑠,𝑒𝑞  is obtained [41]. It should be noted that the obtained equivalent modulus 𝐸𝑠,𝑒𝑞  is considered as a modeling parameter to 

represent the reduced effective stiffness of the cracked beam section rather than the actual mechanical property of reinforcing steel. 

For implementation in the numerical model, the calculated equivalent steel modulus 𝐸𝑠,𝑒𝑞  is assigned to the reinforcement material 

properties of the corresponding beam regions. Therefore, the proposed approach modifies the effective stiffness of the cracked beam 

segments while preserving the original constitutive behavior of reinforcing steel. 

2.4. Selection and scaling of ground motion records 

Near-fault ground motions exhibit distinct dynamic characteristics compared to far-field records due to the presence of velocity 

pulses induced by forward directivity effects and permanent displacement components. These features lead to a concentration of 

energy within a short time duration and can significantly amplify the nonlinear response of structures. Accordingly, the use of near-

fault records is essential for a realistic assessment of seismic structural performance. In this study, three near-fault ground motions, 

namely Imperial Valley (1979), Northridge (1994), and Duzce (1999), were selected from the PEER database [45] to provide a 

consistent basis for comparative evaluation of the investigated modeling approaches. The selection was performed considering 

seismic characteristics such as magnitude, fault distance, faulting mechanism, and the compatibility of site conditions. The general 

characteristics of the selected records are presented in Table 1. 

Table 1. Characteristics of selected near-fault ground motion records [45]. 

Record name Event year Location Station Magnitude Fault mechanism 

DUZCE 1999 Duzce, Turkey IRIGM 487 7.14 Strike-slip 

IMPERIAL VALLEY 1979 Imperial Valley SAHOP CASA FLORES 6.53 Strike-slip 

NORTHRIDGE 1994 Northridge Pacoima Dam 6.69 Reverse 

For dynamic analysis, pairs of horizontal components of the ground motions were employed. The scaling procedure was carried 

out in accordance with the provisions of Iranian standard 2800 as follows. First, each record was normalized such that its peak 

ground acceleration was equal to gravitational acceleration, 𝑔. Subsequently, the response spectra of each component were 

computed for 5% damping, and the combined spectrum of each pair was obtained using the square root of the sum of squares (SRSS) 

method. Next, scaling factors were determined such that the average of the combined spectra over the period range 0.2𝑇 to 1.5𝑇 

(where 𝑇 is the fundamental period of the structure) was not less than 90% of the design spectrum of standard 2800. The final scaling 

factors were applied to the normalized ground motions and used in nonlinear dynamic analyses. When a sufficient number of 

appropriate records is not available, the use of simulated ground motions compatible with the target seismic conditions is permitted. 

Moreover, the selected records should, as far as possible, be representative of the project site in terms of geological, tectonic, and 
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soil conditions. The duration of strong motion is also considered to be at least 10 seconds or three times the fundamental period of 

the structure, whichever is greater. Finally, three pairs of scaled ground motions, in accordance with standard 2800, were used for 

comparative nonlinear dynamic analyses of the studied structures (3-, 6-, and 9-story buildings). The scaling results of the selected 

ground motions are illustrated in Figs. 10 to 12. 

 
Fig. 10. Scaling of ground motions to the standard 2800 response spectrum for the 3-story structure. 

 

 
Fig. 11. Scaling of ground motions to the standard 2800 response spectrum for the 6-story structure. 

 

 
Fig. 12. Scaling of ground motions to the standard 2800 response spectrum for the 9-story structure. 

The proposed localized cracking model is computationally efficient as it is implemented within the standard beam element 

formulation in SAP2000 without requiring mesh refinement or additional degrees of freedom. Compared with conventional detailed 

nonlinear modeling strategies, the proposed approach avoids the need for additional modeling complexity such as refined section 

discretization or increased degrees of freedom, while providing a more detailed representation of stiffness degradation than 

conventional uniform code-based assumptions. This makes the model suitable for practical seismic assessment of reinforced 

concrete moment-resisting frames. 
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3. Results and discussion 

3.1. Static analysis results 

The pushover curves for the 3-, 6-, and 9-story structures (Figs. 13 to 15) indicate that considering the cracking effect in the 

modeling leads to a noticeable reduction in the ultimate shear capacity and an overall degradation of the capacity curves across all 

investigated cases. This behavior reflects a reduction in the effective lateral stiffness of the system due to cracking. Examination of 

the initial slope of the pushover curves, which represents the initial stiffness of the structure, shows that the code-based cracking 

assumption results in a significantly more pronounced stiffness reduction, with a considerable change in the initial slope compared 

to the other modeling cases. This directly leads to an increase in the natural period of the structure. In contrast, in the beam-length 

cracking model, stiffness variations are more limited, although a reduction in the ultimate capacity is still observed. 

Overall, the obtained results indicate that the cracking effect, particularly under code-based assumptions, plays a decisive role 

in reducing the lateral stiffness and seismic capacity of the investigated structures. Neglecting this effect may therefore lead to an 

unconservative estimation of the nonlinear structural response. 

This behavior can be attributed to the reduction in effective flexural rigidity in cracked beam regions, which leads to a decrease 

in the global lateral stiffness of the structural system. In the code-based approach, the uniform stiffness reduction accelerates global 

softening, resulting in a more pronounced increase in the fundamental period. In contrast, the localized cracking model preserves 

stiffness in less damaged regions, leading to a more gradual degradation of stiffness and a smoother capacity curve response. 

 
Fig. 13. Pushover curve of the 3-story structure under all three cracking assumptions. 

 

 
Fig. 14. Pushover curve of the 6-story structure under all three cracking assumptions. 

 

 
Fig. 15. Pushover curve of the 9-story structure under all three cracking assumptions. 

3.2. Comparison of the effect of considering cracking in nonlinear dynamic analysis 

For the 3-story structure, the inclusion of cracking had a significant influence on the seismic response under different ground 

motion records.  In the code-based cracking model, the base shear decreased by approximately 35% based on the average response 
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of the investigated ground motions, while the roof displacement increased by about 21% compared with the uncracked case. This 

reduction in base shear is primarily due to global stiffness degradation, which modifies the dynamic characteristics of the structure 

and reduces lateral force demand. Conversely, in the localized cracking model, stiffness degradation is distributed along beam 

elements rather than being uniformly applied, resulting in a more balanced redistribution of internal forces and reducing excessive 

global softening within the investigated cases. 

The increase in roof displacement is associated with the formation of softened hinge regions at beam ends, where localized 

cracking significantly reduces rotational stiffness. This localized flexibility increases global deformation demand without 

substantially altering the overall force path of the structure. This behavior is also consistent with the formation of plastic hinge 

regions at beam ends, where nonlinear deformations become concentrated. The development and progression of these hinges 

contribute to the observed increase in global flexibility and roof displacement. 

In contrast, in the beam-length cracking model, the base shear increased by approximately 10%, whereas the roof displacement 

remained nearly unchanged compared to the uncracked case. In terms of flexural response, the mid-span beam moment decreased 

by approximately 77% in the code-based cracking model, whereas an increase of about 45% was observed in the beam-length 

cracking model. This variation in beam moment response reflects changes in internal force redistribution mechanisms. In the code-

based model, stiffness degradation reduces moment demand through global force redistribution, whereas in the localized cracking 

model, partial stiffness retention in beam spans allows higher moment demand to develop, particularly in mid-span regions. 

Furthermore, the energy dissipation results indicate that cracking generally leads to a reduction in dissipated energy. On average, 

the amount of absorbed energy in the code-based cracking case was approximately 34% lower than that of the beam-length cracking 

model. This reduction in dissipated energy suggests a tendency toward a more concentrated inelastic response within the investigated 

cases, whereas the localized cracking approach promotes a more progressive development of inelastic mechanisms along beam 

elements, resulting in a more distributed energy dissipation pattern. 

The corresponding results are illustrated in Figs. 16 to 19. 

 
Fig. 16. Comparison of base shear responses for the 3-story structure with and without considering cracking under all ground 

motions. 
 

 
Fig. 17. Comparison of roof displacement responses for the 3-story structure with and without considering cracking under all ground 

motions. 
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Fig. 18. Comparison of beam bending moment responses for the 3-story structure with and without considering cracking under all 

ground motions. 
 

 
Fig. 19. Comparison of dissipated energy for the 3-story structure with and without considering cracking under all ground motions. 

In the 6-story structure, consideration of cracking has led to significant variations in seismic response under different ground 

motion records. In the code-based cracking model, the base shear decreased by approximately 32% on average among the 

investigated ground motions, whereas in the beam-distributed cracking model, this reduction is about 9%. This trend is associated 

with increased global flexibility due to stiffness degradation, which alters the modal properties of the structure and reduces lateral 

force demand. In addition, the change in stiffness distribution leads to modifications in modal participation factors, where higher 

vibration modes become more active, resulting in a more distributed inertia force pattern along the height of the structure. However, 

the distributed cracking model mitigates excessive stiffness loss by preserving stiffness continuity along beam spans, leading to a 

more balanced global response. 

Regarding roof displacement, the code-based cracking scenario resulted in an increase of approximately 26%, while in the beam-

distributed cracking model, the roof displacement decreased by about 14% on average. This variation is governed by the 

development of localized flexibility zones in beam-end regions, which act as rotational hinges and increase the global lateral 

deformation response without significantly altering the global force transfer mechanism. 

In terms of flexural response, the mid-span beam moment decreased by approximately 81% in the code-based cracking model 

and by about 16% in the beam-distributed cracking model. This significant reduction in bending moment is directly linked to the 

redistribution of internal forces caused by stiffness degradation, which shifts demand away from beam mid-spans toward alternative 

load paths within the structural system. This redistribution is governed by the progressive development of plastic hinges at beam-

column connections, which serve as primary inelastic zones controlling the global response. 

Furthermore, energy-related results indicate that, for most ground motion records, the dissipated energy in the code-based 

cracking case is, on average, approximately 19% lower than that in the beam-distributed cracking case. This reduction in dissipated 

energy suggests a more concentrated inelastic response in the code-based model, whereas the distributed cracking approach enables 

a more progressive and spatially distributed development of inelastic mechanisms along beam elements. 

The corresponding results are illustrated in Figs. 20 to 23. 
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Fig. 20. Comparison of base shear results in the 6-story structure with and without considering cracking for all ground motions. 

 

 
Fig. 21. Comparison of roof displacement results in the 6-story structure with and without considering cracking for all ground 

motions. 
 

 
Fig. 22. Comparison of beam bending moment results in the 6-story structure with and without considering cracking for all ground 

motions. 
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Fig. 23. Comparison of dissipated energy results in the 6-story structure with and without considering cracking for all ground 

motions. 

In the 9-story structure, the consideration of cracking has resulted in different variations in seismic response under various ground 

motion records. In the code-based cracking model, the base shear decreased by approximately 31% on average among the 

investigated ground motions, whereas in the beam-distributed cracking model, a negligible change (approximately 1% increase) 

was observed compared to the uncracked case. In taller structures, the influence of higher vibration modes becomes more 

pronounced, which reduces the sensitivity of global response to localized stiffness changes. This increased contribution of higher 

modes reduces the dominance of the first mode and results in a more complex dynamic response, where stiffness changes at local 

levels have a reduced influence on global behavior. As a result, stiffness degradation effects are partially distributed across multiple 

stories rather than being concentrated in specific regions. 

Regarding roof displacement, the code-based cracking model exhibited an increase of about 8%, while the beam-distributed 

cracking model showed an increase of approximately 5% relative to the uncracked condition. The relatively smaller increase in roof 

displacement compared to lower-rise structures is attributed to the higher contribution of higher vibration modes and the more 

distributed deformation pattern along the height of the structure, which limits the concentration of lateral deformations in specific 

stories. 

In terms of flexural response, the mid-span beam moment decreased by approximately 81% in the code-based cracking model, 

whereas in the beam-distributed cracking model, an increase of about 5% was reported. This variation in bending moment response 

reflects a shift in internal force distribution mechanisms, where increased modal participation in taller structures leads to a more 

distributed demand pattern and reduces the dominance of local stiffness degradation effects. 

Furthermore, energy-related results indicate that the dissipated energy in the code-based cracking case is, on average, 

approximately 47% lower than that in the beam-distributed cracking model. This lower sensitivity of energy dissipation suggests 

that in taller buildings, inelastic demands are more widely distributed across multiple stories, reducing the impact of localized 

cracking on global energy absorption capacity within the investigated cases. 

These results are presented in Figs. 24 to 27. 

 
Fig. 24. Comparison of base shear results in the 9-story structure with and without considering cracking for all ground motions. 
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Fig. 25. Comparison of roof displacement results in the 9-story structure with and without considering cracking for all ground 

motions. 
 

 
Fig. 26. Comparison of beam bending moment results in the 9-story structure with and without considering cracking for all ground 

motions. 
 

 
Fig. 27. Comparison of dissipated energy results in the 9-story structure with and without considering cracking for all ground 

motions. 

To facilitate comparison among the investigated frame heights and cracking modeling approaches, Table 2 summarizes the 

average percentage variation of the principal response parameters relative to the uncracked model. Positive values indicate an 

increase, whereas negative values indicate a decrease in the corresponding response parameter. 
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Table 2. Summary of average percentage variations in seismic response parameters relative to the uncracked model. 

Frame height Cracking model 
Base shear 

(%) 

Roof displacement 

(%) 

Mid-span beam moment 

(%) 
Dissipated energy 

3-Story Code-based cracking -35 21 -77 
34% lower than beam-length 

cracking model 

3-Story Beam-length cracking 10 0 45 Reference 

6-Story Code-based cracking -32 26 -81 
19% lower than beam-length 

cracking model 

6-Story Beam-length cracking -9 -14 -16 Reference 

9-Story Code-based cracking -31 8 -81 
47% lower than beam-length 

cracking model 

9-Story Beam-length cracking 1 5 5 Reference 

Although interstory drift and residual deformation were not explicitly evaluated, the observed variations in roof displacement, 

energy dissipation, and stiffness degradation can be considered as representative indicators of global deformation demand and 

overall nonlinear seismic behavior. These response parameters provide a consistent basis for comparative evaluation of the 

investigated modeling approaches. However, these results are interpreted as comparative indicators for the considered ground 

motion records rather than statistically generalized seismic demand estimates. The limited number of records considered in this 

study did not allow a comprehensive statistical evaluation based on standard deviation, coefficient of variation, and confidence 

intervals. 

It should also be noted that the proposed approach was not directly compared with fiber-based models in the present study. 

Therefore, further investigations involving experimentally validated fiber-section models are recommended to assess the accuracy 

and computational efficiency of the proposed modeling strategy. 

4. Conclusions 

In this study, the seismic response of 3-, 6-, and 9-story reinforced concrete moment-resisting frames was investigated 

considering different cracking representations, including uncracked conditions, code-based stiffness degradation, and beam-

distributed cracking models using SAP2000. The results demonstrated that the modeling approach used to represent cracking 

significantly influences both global and local nonlinear structural behavior, particularly in terms of stiffness degradation patterns, 

plastic hinge development, modal characteristics, and energy dissipation mechanisms. 

The findings indicate that the manner in which cracking is modeled plays a key role in governing the balance between global 

and local response characteristics. Uniform code-based stiffness reduction tends to induce more pronounced global softening and 

concentrated inelastic demand, whereas beam-distributed cracking provides a more gradual and spatially distributed representation 

of stiffness degradation, leading to a more balanced internal force redistribution and a more realistic simulation of flexural behavior 

in reinforced concrete beams. 

From an engineering perspective, simplified uniform cracking approaches may lead to conservative estimations of seismic 

demand, while distributed cracking models can better capture the progressive development of nonlinear behavior in RC frames. 

Therefore, careful selection of cracking representation is essential for reliable seismic performance assessment of reinforced 

concrete structures. 

The present study is subject to certain limitations that should be considered in interpreting the results. The analysis is performed 

on regular 3-, 6-, and 9-story reinforced concrete moment-resisting frames, and extension to irregular or taller structures requires 

further investigation. Only three near-fault ground motion records were used, which provide a limited dataset for capturing full 

record-to-record variability. The modeling primarily focuses on beam cracking effects, while other deterioration mechanisms such 

as column damage, shear failure, and bond-slip effects are not explicitly considered. Recent studies have shown that column shear 

degradation and confinement effects can significantly influence the seismic response of RC frames. It has been demonstrated that 

neglecting shear behavior may reduce the accuracy of nonlinear RC frame analysis [46], while ANN-based approaches have been 

developed for predicting the shear response of RC columns under axial loading conditions [47]. Furthermore, recent data-driven 

formulations have highlighted the significant role of confinement parameters and sectional characteristics in evaluating concrete 

column performance [48, 49]. Therefore, future studies should incorporate column shear degradation, confinement effects, and other 

interacting deterioration mechanisms into the proposed framework to achieve a more comprehensive seismic assessment of RC 

moment-resisting frames [50]. In addition, the proposed modeling approach has not been independently validated against 

experimental frame-level results or detailed numerical simulations. Therefore, the obtained results should be interpreted within the 

adopted modeling assumptions. Furthermore, the present study focuses on global response indicators, including roof displacement, 

base shear, bending moment, and energy dissipation. Interstory drift ratio and other local damage indicators were not explicitly 

evaluated and are recommended for future investigations to provide a more comprehensive seismic performance assessment. 
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Appendix A. Supplementary relations and detailed moment-area formulations 

A.1. Interior continuous beam 

To compute the displacement, the moment–area method is employed, and due to symmetry, only half of the span is considered. 

The integration domain is divided into four segments, and the displacement relation is obtained from the first moment of area of the 

bending moment diagrams. The moment-area equation is expressed as Eq. A.1. 

𝑋̄1 = 0.5𝐿 −
𝑥1𝐴1

𝐴1
= 0.5𝐿 −

∫
𝑥𝑀1
𝐸𝐼𝑒𝑞

𝐿𝑝

0
𝑑𝑥

∫
𝑀1
𝐸𝐼𝑒𝑞

𝐿𝑝

0
𝑑𝑥

  (A.1a) 

𝑋̄2 = 0.5𝐿 −
𝑥2𝐴2

𝐴2
= 0.5𝐿 −

∫
𝑥𝑀1
𝐸𝐼

0.239𝐿

𝐿𝑝

𝑑𝑥

∫
𝑀1
𝐸𝐼

0.239𝐿

𝐿𝑝

𝑑𝑥

  (A.1b) 

𝑋̄3 = 0.354𝐿 −
𝑥3𝐴3

𝐴3
= 0.354𝐿 −

∫
𝑥𝑀2

4

𝐸𝐼

0

𝐿𝑝

𝑑𝑥

∫
𝑀2
𝐸𝐼

0.354𝐿−𝐿𝑝

𝐿𝑝

𝑑𝑥

  (A.1c) 

𝑋̄4 = 0.354𝐿 −
𝑥4𝐴4

𝐴4
= 0.354𝐿 −

∫
𝑥𝑀2
𝐸𝐼𝑒𝑞

0.354𝐿

0.354𝐿−𝐿𝑝

𝑑𝑥

∫
𝑀2
𝐸𝐼𝑒𝑞

0.354𝐿

0.354𝐿−𝐿𝑝

𝑑𝑥

  (A.1d) 

The beam deflection with reduced stiffness is obtained from Eq. A.2. 

Δ2 = −2 [
𝑊

𝐸𝐼𝑒𝑞
(−0.2495𝐿𝐿𝑝

3 + 0.201𝐿2𝐿𝑝
2 − 0.04495𝐿3𝐿𝑝) +

𝑊

𝐸𝐼
(0.0044𝐿4 + 0.2495𝐿𝐿𝑝

3 − 0.201𝐿2𝐿𝑝
2 + 0.004495𝐿3𝐿𝑝)]  (A.2) 

By equating the two expressions, the equivalent flexural rigidity is obtained as Eq. A.3. 

1

𝐸𝐼𝑒𝑞
=

1

𝐸𝐼
+

1

24𝛽𝑘𝜃𝐿
  (A.3) 

where 𝛽 = −0.2495𝛼3 + 0.201𝛼2 − 0.004495𝛼, 𝛼 =
𝐿𝑝

𝐿
. 

A.2. Side continuous beam 

A.2.1. At 0.518L 

Due to symmetry, half of the beam span is considered for moment-area calculations. At 0.14𝐿, the bending moment is zero; 

therefore, this point is included in the integration limits. Since the moment-area is evaluated with respect to the midspan while 

integration begins from the support, the centroid locations are defined as Eq. A.4. 

𝑋̄1 = 0.518𝐿 −
∫

𝑀

𝐸𝐼𝑒𝑞

𝐿𝑝

0
𝑑𝑥

∫
𝑥𝑀

𝐸𝐼𝑒𝑞

𝐿𝑝

0
𝑑𝑥

  (A.4a) 

𝑋̄2 = 0.518𝐿 −

∫
𝑀

𝐸𝐼

0.14𝐿

𝐿𝑝

𝑑𝑥

∫
𝑥𝑀

𝐸𝐼

0.14𝐿

𝐿𝑝

𝑑𝑥

  (A.4b) 
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𝑋̄3 = 0.518𝐿 −
𝑥3𝐴3

𝐴3
= 0.518𝐿 −

∫
𝑀

𝐸𝐼

0.518𝐿−𝐿𝑃

0.14𝐿
 𝑑𝑥

∫
𝑥𝑀

𝐸𝐼

0.354𝐿−𝐿𝑃

𝐿𝑃

 𝑑𝑥

  (A.4c) 

𝑋̄4 = 0.518𝐿 −
𝑥4𝐴4

𝐴4
= 0.518𝐿 −

∫
𝑀2
4

(𝐸𝐼)𝑒𝑞

0.518𝐿

0.518𝐿−𝐿𝑃

 𝑑𝑥

∫
𝑥𝑀2
(𝐸𝐼)𝑒𝑞

0.518𝐿

0.518𝐿−𝐿𝑃

 𝑑𝑥

  (A.4d) 

The beam deflection with reduced stiffness is given by Eq. A.5. 

Δ2 =
𝑊

𝐸𝐼𝑒𝑞
(−0.1723𝐿𝐿𝑝

3 + 0.2016𝐿2𝐿𝑝
2 − 0.0324𝐿3𝐿𝑝) +

𝑊

𝐸𝐼1
(−0.003626𝐿4 + 0.1723𝐿𝐿𝑝

3 − 0.2016𝐿2𝐿𝑝
2 + 0.0324𝐿3𝐿𝑝)  (A.5) 

By equating the expressions, the equivalent stiffness is obtained as Eq. A.6. 

1

𝐸𝐼1𝑒𝑞
=

1

𝐸𝐼1
+

0.01506

𝛽1𝑘𝜃𝐿
  (A.6) 

where 𝛽1 = 0.1663𝛼1
3 − 0.1878𝛼1

2 + 0.02913𝛼1, 𝛼1 =
𝐿𝑝

1.036𝐿
. 

A.2.2. At 0.482L 

For moment-area evaluation, half of the beam span is used due to symmetry. In addition, the integration domain is divided into 

four regions because of variations in bending moment expressions and stiffness along the span. The centroid locations are defined 

as in Eq. A.7. 

𝑋̄1 = 0.482𝐿 −
∫

𝑀2
𝐸𝐼2

𝐿𝑝

0
𝑑𝑥

∫
𝑥𝑀1
𝐸𝐼2

𝐿𝑝

0
𝑑𝑥

  (A.7a) 

𝑋̄2 = 0.482𝐿 −

∫
𝑀1
𝐸𝐼2

0.242𝐿

𝐿𝑝

𝑑𝑥

∫
𝑥𝑀1
𝐸𝐼2

0.14𝐿

𝐿𝑝

𝑑𝑥

  (A.7b) 

𝑋̄3 = 0.378𝐿 −
∫

𝑀2
𝐸𝐼2

0.378𝐿−𝐿𝑝

0
𝑑𝑥

∫
𝑥𝑀2
𝐸𝐼2

0.378𝐿−𝐿𝑝

0
𝑑𝑥

  (A.7c) 

𝑋̄4 = 0.378𝐿 −

∫
𝑀2
𝐸𝐼2

0.378𝐿

0.378𝐿−𝐿𝑝

𝑑𝑥

∫
𝑥𝑀2
𝐸𝐼2

0.378𝐿

0.378𝐿−𝐿𝑝

𝑑𝑥

  (A.7d) 

The corresponding deflection expression is given by Eq. 14, and the reduced-stiffness form is expressed in Eq. A.8. 

Δ2 = 2 [
𝑊

𝐸𝐼2𝑒𝑞
(−0.2758𝐿𝐿𝑝

3 + 0.1016𝐿2𝐿𝑝
2 + 0.1113𝐿3𝐿𝑝 + 0.21595𝐿4) + 

𝑊

𝐸𝐼2
(−0.00256𝐿4 + 0.2758𝐿𝐿𝑝

3 − 0.10165𝐿2𝐿𝑝
2 + 0.1113𝐿3𝐿𝑝 − 0.21595𝐿4)] 

(A.8) 

Finally, by equating the expressions, the equivalent stiffness is obtained as Eq. A.9. 

1

𝐸𝐼2𝑒𝑞
=

1+0.003095/𝛽2

𝐸𝐼2
+

0.01041

𝛽2𝑘𝜃2𝐿
  (A.9) 

where 𝛽2 = 0.21595𝛼2
4 − 0.2861𝛼2

3 + 0.1094𝛼2
2 + 0.1242𝛼2, 𝛼2 =

𝐿𝑝

0.964𝐿
. 
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A  R  T  I  C  L  E I  N  F  O 

This study examined the effects of participant-selected music on driving behavior using a 

driving simulator with 30 young male participants aged 20 to 25. Each participant drove 

under three conditions: no music, high-tempo music, and low-tempo music. Speed and 

acceleration data were recorded, and aggressive driving behavior was assessed via a 

questionnaire. Results showed that high-tempo music significantly increased average 

driving speed compared to no music, while low-tempo music had no effect. For speeds 

above 40 km/h (critical for pedestrian safety), both high- and low-tempo music influenced 

speed, with high-tempo increasing and low-tempo decreasing it. However, music type did 

not significantly affect maximum positive acceleration. Aggressive driving behavior, 

measured by questionnaire scores, showed no correlation with the impact of music on 

speed. The study also noted limitations in the simulator’s ability to replicate braking 

sensations, leading to the exclusion of negative acceleration data. Statistical analyses 

(ANOVA and Tukey tests) confirmed significant differences in speed between high-tempo 

music and other conditions but no notable effects on acceleration or aggressive behavior. 

The findings suggest that music tempo can alter driving speed, particularly at higher 

velocities, but does not uniformly impact other driving metrics or aggression levels. 
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1. Introduction 

Studies have shown that listening to music while driving, as a secondary activity, may cause driver distraction. This has led to 

research aimed at identifying the extent to which different music genres influence driving behavior [1]. Multiple studies have 

indicated that listening to fast-paced, high-energy music results in faster driving and increased arousal among drivers while on the 

road [2]. It has been observed that loud music increases driving speed and the likelihood of running red lights during driving 

simulations [3]. Studies showed that driving behavior is influenced by the driver's perception of the road, surrounding environment, 

and hazardous situations [4]. Situations are considered potentially hazardous when a driver must alter speed or direction. Safer 

drivers tend to anticipate such situations in advance, applying braking or steering adjustments early to avoid collisions. Mental 

emotions are directly linked to physical responses; both negative and positive emotions exert distinct effects on the body’s physical 

reactions [5]. Although music and podcasts are auditory stimuli, they create mental imagery in the listener’s mind [6]. 

Babić et al. [7] showed that young male drivers, compared to other groups, pay more attention to road signs while listening to 

music. In contrast, Ünal et al. [8] found that listening to music reduces drivers’ concentration during driving. In this study, drivers 

who did not listen to music demonstrated greater focus on the road. Widén and Erlandsson [9] examined the impact of music on 

youth risk-taking behavior, involving 9 women and 8 men. They found that music plays a significant role in shaping personal 

identity. Listening to loud music may lead to norm-breaking behaviors. 

In a study involving 47 participants and two driving conditions − loud music and no music − drivers’ heart rates were also 

measured. The results indicated that music enhanced drivers’ focus when following the lead vehicle. The findings suggest that music 
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does not disrupt steady following behavior; in fact, it may improve driver attention [10]. A study conducted by Farrell [11] on 20 

college students found that loud music can impair driver reaction times. In another study, music was found to distract drivers and 

reduce the following distance between vehicles. Two music rhythms − soft and loud − were played for drivers, and results showed 

that loud music caused driver distraction and impaired control when approaching the vehicle ahead [12]. 

Wang et al. [13] demonstrated that listening to music while driving led to cognitive distraction and mental overload. Increased 

cognitive workload caused delays in response time to changes in traffic flow or unexpected braking. Music contributed to more 

frequent lane departures and rear-end collisions. Distraction is a significant factor in traffic accidents. Wang et al. examined two 

sources of distraction: listening to music and talking on the phone. A simulated brake light was used to measure reaction time in 

both scenarios. Drivers who were on the phone exhibited slower response times compared to those listening to music. Thus, drivers 

reacted faster while listening to music than while engaged in phone conversations. 

Kasprzak [14] investigated how listening to music affects driver behavior. Participants were instructed to follow a vehicle, 

mimicking real-life driving behavior. The speed of the leading vehicle varied throughout the simulation, and drivers were expected 

to adjust their speed accordingly. Results showed that drivers listening to music exhibited better responses to speed increases or 

decreases of the lead vehicle. Another experiment by Niu et al. [15] showed that a mentally preoccupied driver performs worse in 

navigating the route. However, drivers who listened to music showed better vehicle-following behavior and steering control, though 

they also tended to be involved in more vehicle collisions. 

Babić et al. [7] aimed to examine the impact of various selected music genres on the driving behavior and visual scanning 

patterns of young individuals in urban environments. The genres chosen by the drivers included classical, metal, and balkan folk 

music. Listening to each genre of music affected the frequency of drivers' glances at roadside signs. 

A study compared driving performance while listening to music selected by the driver versus music selected by the researcher. 

The findings showed that young drivers listening to their preferred music in urban conditions drove at higher speeds than those who 

did not. Those listening to calm music exhibited more relaxed driving behavior [14]. 

Navarro et al. [16] utilized amateur drivers to investigate the effects of self-selected music on their driving behavior. When 

young and inexperienced drivers began driving while listening to their favorite music, the results indicated that such music generated 

positive energy, leading to improved driver responsiveness. In contrast, amateur drivers who drove without music experienced 

greater fear and anxiety while continuing along the route. 

In a study, two types of music, selected by the experimenter and selected by the participant, were played for participants. 

Researchers used a driving simulator with two types of roads: one with simple conditions and low traffic volume, and the other an 

urban road with more challenging conditions and higher traffic. Results showed that music selected by the drivers had no significant 

impact on driving performance, while self-selected music improved overall driver performance. Listening to preferred music led to 

better lane maintenance and faster driving within legal speed limits. Drivers who listened to their own music also performed better 

when braking for pedestrians and stopping at red lights compared to those who listened to experimenter-selected music [17]. 

Ghojazadeh et al. [18] conducted research in which participants aged between 18 and 60 drove using a driving simulator. The 

first experimental condition involved listening to music (of any genre and format) chosen by the driver, while the second condition 

involved driving without music. The variables examined in this study included physiological indicators such as heart rate, breathing 

rate, and arousal level, as well as driver performance metrics like reaction time and delay ratio. The post-experiment results showed 

that listening to music had a positive effect on a driver’s ability to adjust the vehicle's position. However, loud music increased heart 

rate, which consequently led to more driver errors. Conversely, listening to calm, self-selected music resulted in smoother breathing 

and a more stable heart rate. 

Music is one of the most popular activities while driving. Studies have shown mixed findings; some researchers concluded that 

music distracts drivers, while others found that preferred music improves driver comfort and performance in response to road 

obstacles. Whether music is selected by the experimenter or the participant can also influence driving behavior [19]. 

Most studies have focused on the general effects of music on driving behavior, while fewer have examined the differences 

between music chosen by the experimenter and that selected by the participant. In this research, only participant-selected music is 

used, and its differential impact on driving behavior is studied. The principal novelty of the present study, relative to prior research, 

can be classified into two primary categories. First, in previous investigations, the musical stimuli were selected by the experimenter; 

in contrast, the present study required participants to self-select their preferred music. This approach enhances the ecological validity 

of the findings, rendering them more representative of real-world driving conditions. Second, beyond the variables examined in 

earlier work − such as travel speed − the current study additionally incorporates an analysis of other driving maneuvers, namely 

lane-changing and car-following behavior. These maneuvers are inherently more complex and facilitate a more thorough and precise 

assessment of music's influence on driving performance. 

The following section addresses data collection. Section three covers the data analysis methodology. Section four presents the 

discussion and conclusions. Finally, the study concludes with a summary of the findings. 

2. Methodology 

In this study, 30 young male students (between 20 and 25 years old) with more than 3 years of driving experience participated 

in a driving experiment using a K.N. Toosi University of Technology driving simulator, which has been used in many studies [20-
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22] (Fig. 1). A fixed-base driving simulator was used for the experiments. The simulator can record measures accounting for vehicle 

locations, vehicle movement (e.g., speed, acceleration/deceleration), and driver operations (e.g., steering wheel angle). Given the 

inherent divergence between actual driving behavior and simulated settings, the validation of driving simulators is indispensable. 

The driving simulator, whose validity has been demonstrated in earlier studies and which has seen extensive prior use, was utilized 

in this investigation [23-25]. 

 
Fig. 1. Driving simulator. 

Each participant drove in three simulated scenarios: without music, with high-tempo music, and with low-tempo music. In 

accordance with established protocols in driver behavior research, music with a tempo exceeding 120 BPM was classified as fast or 

high tempo, while music below 80 BPM was designated as slow or low tempo, with moderate tempo serving as the intermediate 

range. Music (genre and lyrics) was selected by participants. Each scenario lasted ten minutes, in addition to a warm-up period. The 

environment (urban) and traffic conditions (medium density) were identical for all scenarios. The sequence of driving scenarios was 

randomized. Specifically, following a warm-up drive and no-music driving, participants were randomly assigned to begin with 

either the high-tempo or the low-tempo music condition; the remaining music condition was then administered as the third scenario. 

This procedure was adopted to prevent potential confounding effects of fatigue or simulator adaptation on the experimental results. 

The route was generally straight, with no appreciable horizontal curvature. Along the corridor, the level of service of the traffic 

was such that drivers experienced no congestion-induced speed reduction, thereby enabling them to maintain their desired operating 

speeds. Several intersections were located along the route to facilitate the collection of vehicular acceleration and deceleration data. 

The length of the route was determined as a function of the drivers' average travel speed. The posted speed was 90 km/hr. 

Speed and acceleration data were collected for each driver across the scenarios. Due to the small number of participants in other 

age and gender groups, their data were excluded from analysis. This exclusion helped eliminate the effects of other variables, 

allowing the study to focus solely on the influence of music. 

In addition to the driving data, participants also completed an Aggressive Driving Behavior Questionnaire (ADBQ) to measure 

aggressive behavior. The ADBQ is a 20-item self-report instrument to assess drivers' propensity for engaging in aggressive driving 

behaviors. The questionnaire was developed using a factor-analytic approach that combined five previously established aggressive 

driving scales [26]. Participants rate each item on a 6-point Likert-type scale ranging from 1 (Never) to 6 (Nearly All the Time). 

The instrument has demonstrated robust psychometric properties in previous studies, with high internal consistency (Cronbach's α 

= 0.77 to 0.86) and established predictive validity in both simulated and real-world driving contexts [26]. For the present sample, 

the ADBQ yielded a Cronbach's alpha of 0.85, indicating acceptable internal consistency. 

After collecting the data from participants, the dataset was divided into two categories: speed data and acceleration data. These 

data were analyzed from several perspectives. Initially, the average driving speed of participants in different scenarios was 

examined, followed by the analysis of acceleration. Additionally, the relationship between participants’ aggressive behavior and the 

effect of music type on average speed was evaluated. Descriptive and inferential statistics were used for this purpose. Given that 

there were three different data groups or scenarios, two statistical tests (ANOVA and Tukey) were applied. ANOVA served as a 

preliminary test to explore whether significant differences existed among the scenario data. Subsequently, the Tukey test was 

employed to determine the nature and direction of those differences across scenarios. Since the data were analyzed in an aggregated 

(cumulative) manner, analysis of variance (ANOVA) was employed. 

3. Results and discussion 

In this section, the speed data, acceleration data, and the results of the aggressive behavior questionnaire are analyzed with 

respect to the type of music played during driving. 

3.1. Speed 

Fig. 2 presents a sample speed-time graph for a participant under different driving scenarios. In this graph, speed is represented 

in three colors: yellow indicates driving with low-tempo music, green indicates driving without music, and red indicates driving 

with high-tempo music. The horizontal axis shows the 600-second driving period for each participant, while the vertical axis 

indicates the driver’s speed in kilometers per hour. Speed data were recorded at intervals of 0.1 seconds. 
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Fig. 2. Speed-time chart of a sample driver in three scenarios. 

Fig. 3 illustrates the average speed of each driver across the different driving scenarios. 

 
Fig. 3. Average driving speed of drivers. 

Table 1 presents the results of the ANOVA test conducted on all average speed data. 

Table 1. ANOVA test of average speeds in different scenarios. 

Statistics Significant level of variance analysis test (one-way ANOVA) 

5.23 0.007 

The ANOVA p-value was less than 0.05, indicating a statistically significant difference among the three groups of data. It is 

worth noting that, for deeper analysis, ANOVA was also performed individually for each participant’s data. Approximately 90% of 

cases revealed significant differences among their scenario groups, confirming the overall ANOVA findings. To rank the average 

speeds across scenarios, the Tukey post hoc test was used, and its results are presented in Table 2. Pairwise comparisons using 

Tukey’s test showed that the average speed under the high-tempo music condition differed significantly from both the no music and 

low-tempo music conditions. However, there was no significant difference between the no music and low-tempo music conditions. 

Similar results have been reported in previous studies. Brodsky demonstrated that drivers exposed to fast-paced music not only 

drove faster but also committed more traffic violations [27, 28]. 

Table 2. Comparing the average speed in different scenarios. 

Tukey's HSD pairwise group comparisons (95.0% confidence interval) 

Comparison P-value  Comparison P-value  Comparison P-value 

(No music - 
low tempo music) 

0.999  
(Low tempo music - 
high tempo music) 

0.018  
(No music - 

high tempo music) 
0.016 

The relationship between speed and crash risk is well-established as exponential: even small increases in mean speed lead to 

disproportionately large rises in severe and fatal crash involvement [29, 30]. 

3.2. Speeds above 40 km/h 

Given the role of speed in the severity of accidents, the effect of music type on speeds above 40 km/h was examined. According 

to a study [31], in vehicle-pedestrian collisions, the risk of fatality is less than 10% when the vehicle speed is below 40 km/h. On 
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the other hand, given that the traffic volume was low, vehicles are not expected to have selected speeds below 40 km/h. Speeds 

lower than 40 km/h were predominantly associated with the periods immediately before and after a stop. Therefore, one-way 

ANOVA analysis was conducted again using only speed data above 40 km/h. Speeds below 40 km/h were excluded, and averages 

were calculated based on the remaining data. The null hypothesis was that the average speeds across the three conditions (no music, 

low-tempo music, and high-tempo music) were equal. Based on the findings, the null hypothesis was rejected in 97% of cases, 

clearly indicating that music playback significantly influenced driver behavior. In other words, high-tempo music increased average 

speed, while low-tempo music reduced it, compared to the no music condition (Table 3). 

Table 3. Comparing the average speed in different scenarios. 

Tukey's HSD pairwise group comparisons (95.0% confidence interval) 

Comparison P-value  Comparison P-value  Comparison P-value 

(No music - 

low tempo music) 
0.046  

(Low tempo music - 

high tempo music) 
0.038  

(No music - 

high tempo music) 
0.009 

3.3. Acceleration 

Acceleration reflects the rate of change in speed over time. Therefore, the selected time interval directly influences the calculated 

acceleration value. If the time interval is too long, the speed changes within that window may be smoothed out, with only the initial 

and final speeds considered, which potentially causes error in the analysis. On the other hand, selecting intervals that are too short 

may impose unnecessary computational load on the model. Thus, acceleration was calculated using various time intervals and the 

results analyzed. It was observed that when the time interval was less than one second, despite a significant increase in computational 

complexity, no meaningful additional detail was captured. Hence, it was deemed reasonable not to use intervals shorter than one 

second. Conversely, when the interval exceeded three seconds, important fluctuations in acceleration were smoothed out and 

excluded from the analysis. Therefore, a one-second interval was identified as the optimal time frame for calculating acceleration. 

Maximum and minimum accelerations were calculated. Negative acceleration indicates deceleration or braking. It was observed 

that the values of negative acceleration differed significantly from those of positive acceleration. This discrepancy may be attributed 

to the driving simulator's limited ability to convey deceleration, particularly in modeling braking force. This is a limitation of the 

simulator, which cannot effectively replicate the physical sensation of braking. Therefore, negative acceleration data were excluded 

from further analysis. Some studies demonstrated that drivers brake more abruptly and more strongly than in real driving because 

finding safety margins is more difficult in a driving simulator than in the real world [28, 32]. Fig. 4 displays the maximum positive 

acceleration for each driver. It should be noted that acceleration is typically zero and only occurs when the driver actively changes 

speed; hence, averaging acceleration values would be meaningless and would result in values close to zero. To determine maximum 

acceleration, the five highest acceleration values for each participant were averaged. Fig. 4 displays the maximum positive 

acceleration for each driver in different scenarios. 

 
Fig. 4. Maximum acceleration during driving. 

Fig. 5 and Tables 4 and 5 show the results of ANOVA and Tukey tests on the maximum positive acceleration data. The 

significance level criterion value was greater than 0.05, and the null hypothesis (that the means of the three groups, namely maximum 

acceleration under no music, low-tempo music, and high-tempo music conditions, are equal) was not rejected. Therefore, playing 

music does not have a significant effect on the drivers' maximum positive acceleration. The Tukey pairwise comparison test also 

indicates that the null hypothesis was not rejected in any of the pairwise comparisons, meaning there were no significant differences 

between the group means in any two-group comparisons. In other words, music did not affect the drivers' maximum positive 

acceleration. Niu et al. [33] reported that high-tempo music significantly increased the standard deviation of longitudinal 

acceleration, reflecting more volatile and aggressive control of the vehicle. 
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Fig. 5. Interval plot of accelerated maximization data for different scenarios. 

 

Table 4. ANOVA of accelerated maximization data for different scenarios. 

Source DF Adj SS Adj MS F-value P-value 

Factor 2 1.738 0.8688 1.67 0.195 

Error 87 45.321 0.5209   

Total 89 47.059    

 

Table 5. Tukey simultaneous tests for differences of means. 

Difference of levels Difference of means SE of difference 95% CI T-value Adjusted p-value 

No music - low tempo music 0.222 0.186 (−0.222, 0.666) 1.19 0.461 

No music - high tempo music 0.334 0.186 (−0.110, 0.778) 1.79 0.178 

Low tempo music - high tempo music 0.112 0.186 (−0.332, 0.556) 0.60 0.820 

3.4. Aggressive behavior and speed variations in scenarios 

In the data collection section, it was stated that the participants completed the aggressive behavior assessment questionnaire 

before starting the test. Participants expressed their opinions on a scale of very low, low, moderate, high, and very high, where the 

"very high" option indicated the highest level of aggressive behavior and the "very low" option indicated the lowest level of 

aggressive behavior in response to the given question. The qualitative responses of the participants were converted into numerical 

scores ranging from 1 (very low) to 5 (very high). As the questionnaire score increased, the participant’s behavior was estimated to 

be more aggressive. The maximum and minimum scores of the aggressive behavior assessment questionnaire were 115 and 23, 

respectively. Fig. 6 displays the distribution of participants' aggressive driving behavior scores. 

 
Fig. 6. Participants' aggressive driving behavior scores. 

The relationship between drivers' aggressive behavior and the effect of low-tempo and high-tempo music was examined using 

the Pearson correlation test. The effect of low-tempo music was defined as the difference in mean speed between the no music 

condition and the low-tempo music condition, while the effect of high-tempo music was defined as the difference in mean speed 

between the no music condition and the fast music condition. It was observed that there was no significant relationship between 

aggressive behavior and the effect of music type on the participants’ mean speed (Table 6). Similar results to those of Brodsky’s 

study have been obtained [3, 27]. The aggressive driving questionnaire is designed to assess stable aggressive driving traits, whereas 

music can temporarily alter arousal and mood. This distinction between trait and state responses should be studied in future studies. 
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Table 6. Pairwise Pearson Correlations between the difference in average speed of different scenarios and the aggressive scale. 

Sample 1 Sample 2 Correlation 95% CI for ρ P-value 

Difference between no music and low tempo Aggressiveness −0.360 (−0.638, 0.000) 0.051 

Difference between high tempo and no music Aggressiveness 0.321 (−0.045, 0.610) 0.084 

Difference between high tempo and no music Difference between no music and low tempo −0.026 (−0.382, 0.338) 0.893 

3.5. Limitations and future work 

It is worth noting that the majority of university students are young adults; consequently, the study sample consisted primarily 

of young university students. Furthermore, when drivers are required to operate a driving simulator while simultaneously adhering 

to specific conditions (e.g., listening to music), recruiting a large number of participants and volunteers becomes particularly 

challenging. In this study, a minimum of 30 participants were recruited to enable the use of parametric tests and to enhance the 

statistical significance of the results. This number of participants is consistent with prior studies in which 30 or fewer participants 

were recruited for driving tests [34-37]. This demographic homogeneity and number of participants represent a limitation of the 

current research, which could be addressed in future studies. 

As previously mentioned, driving simulators inherently differ from real-world driving conditions in unavoidable respects. 

Consequently, the current investigation could be further validated or replicated through on-road driving tests. One of the key 

limitations of driving simulators is the overestimation of deceleration, which can be corrected or calibrated through real-world 

experiments in future work. This research has not considered driver-level variables such as annual mileage, prior simulator 

experience, fatigue, mood, and risk-taking tendency, which may influence driving behavior and could influence the experimental 

outcomes. 

Although tempo and loudness were controlled in this study, given that the aim was to examine the effect of drivers’ preferred  

music, factors such as emotional intensity, arousal level, genre, and lyrics were not controlled, which could be investigated in future 

research. 

This paper has focused on the average speed, speed above 40 km/h, and maximum positive acceleration. Additional measures 

such as speed variability, lane keeping, headway, time-to-collision, braking frequency, and lateral deviation can be studied in future 

work. 

4. Conclusions 

Music can influence human moods and emotions. While driving, listening to different types of music may have varying effects 

on the driver and influence their driving behavior. This study investigated the effect of music type on drivers’ speed and acceleration. 

Participants took part in three driving scenarios: without music, with high-tempo music, and with low-tempo music in a driving 

simulator, and their driving data were collected. The music was selected by the drivers themselves to ensure familiarity and better 

simulation of driving conditions. Furthermore, to study the relationship between music and aggressive driving behavior, participants 

completed an aggressive behavior assessment questionnaire. 

The main findings of this study are summarized as follows: 

• It was observed that fast-tempo music increased the average driving speed compared to the no music condition, whereas 

slow-tempo music had no effect on the participants’ average speed. 

• Considering that speeds over 40 km/h can cause harm to pedestrians, average speeds above 40 km/h were also examined. 

In this context, it was found that both slow-tempo and fast-tempo music significantly influenced participants’ average 

speeds, causing a decrease and increase in speed, respectively. 

• No significant relationship was found between drivers’ maximum positive acceleration and the type of music. Moreover, 

no significant relationship was observed between drivers’ aggressive behavior and music type. In other words, increased 

aggressive behavior did not amplify the effect of music. 
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In recent years, the occurrence of accidental or deliberate explosions has prompted 

engineers to consider the effect of explosive blast load on the overall performance of 

structures. Normally, residential structures are designed to resist conventional design 

loads such as gravitational, earthquakes, wind, and snow. In this research, a steel structure 

with a lateral load-bearing system of steel plate shear wall has been subjected to explosive 

blast load. Uncertainty in structural components as well as blast loading can lead to an 

incorrect and erroneous estimate of the structural response to blast. This study investigates 

the reliability of a steel structure under blast load, taking into account the uncertainty in 

the distance between the blast charge and the structure, the weight of the blast charge, the 

wall plate thickness, the yield stress of the wall plate, the yield stress of the beam and 

column of the structure. The probability of failure is then obtained by modeling the 

structure in OpenSees software and generating 1700 samples using Monte Carlo sampling 

method. Results indicated that the probability of failure of the mentioned system under 

the blast load is 55% and the most effective parameter is web plate thickness. 
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1. Introduction 

Conventional steel structures are often designed considering regular loads such as earthquake and wind. However, structures are 

prone to internal or external explosions during their lifetime, which brings catastrophic damage to buildings and results in causalities. 

Therefore, the blast response of structures and identifying their residual operational performance is of great importance. 

Additionally, an important characteristic for blast-subjected structures is the difference in the material properties. For instance, as 

the strain rate is high in blast loading, the yield stress of steel increases significantly while the elastic modulus remains the same.  

Recently, the use of steel plate shear wall (SPSW) as a lateral load-bearing system for steel structures has increased. The main 

components of a SPSW system are beams and columns, also known as boundary members and steel web plate. High strength and 

stiffness characteristics, stable hysteresis loops, considerable energy dissipation capacity, high ductility, and redundancy are 

important advantages of SPSW systems [1-3]. 

Preserving human lives and the protection of equipment and assets are two important aspects of engineering. Therefore, 

structures are designed for gravitational and lateral loads based on the current design codes. Financial concerns, as well as the low 

probability of high-risk loads such as impact or explosion, usually cause these loads to be excluded from the design process.  

Normally, only military structures or special structures are designed and controlled for the mentioned loads. However, with the 

increase in the possibility of terrorist attacks and blast incidents, it seems necessary to have a good insight on the performance of 

normal residential structures against explosions. Many studies have focused on reliability analysis of structures when exposed to 

explosive blast loading. Stewart et al. performed a reliability analysis to assess the risks of damage caused by blast loading to 
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infrastructure and proposed a probabilistic risk assessment procedure [4]. Al-Habahbeh and Stewart [5] conducted a structural 

reliability analysis of unreinforced brick masonry walls subjected to explosive loading. Using Monte Carlo sampling method, the 

failure probability shows that the wall has a very high reliability when subjected to explosive blast loading. In a study conducted by 

Shi and Stewart, blast reliability curves for RC columns under blast loading for different threat scenarios were generated using 

Monte Carlo sampling method [6]. The results showed that by considering spatial variability of concrete compressive strength and 

concrete cover, the probability of failure increases. Stewart and Netherton compared field test results with reliability-based computer 

analysis and proposed design load factors for different reliability levels. For instance, the load factor for a 0.99 reliability level will 

be as high as 1.30 [7, 8].  Stochino conducted a parametric and reliability study on the response of reinforced concrete beams under 

explosive loads [9]. Results showed that slenderness and peak load value were the most effective parameters affecting the beam 

response. Thomas et al. investigated the effect of vehicle collision and explosive loads on the reliability of bridge columns using a 

1st-order 2nd-moment reliability study [10, 11]. The most affective parameter affecting the reliability of structures subjected to 

explosive loading was demonstrated to be the diameter of the column and the standoff distance of the blast. 

The aim of the current study is to further focus on the reliability of steel structures with an SPSW system under blast loading. 

The parameters that are investigated here are the scaled distance, the infill plate thickness, the plate yield stress, and the yield stress 

of the structure's beam and column. 

2. Steel plate shear wall system 

The steel plate shear wall (SPSW) works as a lateral bearing system, comprising an infill web plate in a rigid frame, with the 

frame members serving as the boundary members of these plates. In a frame with multiple stories, the SPSW system can be likened 

to cantilever girders, where the columns act as flanges, floor beams like stiffeners, and at the end, steel web plates as the girders 

web [12-14]. However, as the stiffness of the flanges in plate girders is insufficient, SPSWs are fundamentally different from plate 

girders in terms of structural performance. In other words, as the stiffness of columns is very high in SPSW, the tension field expands 

in the whole area of the plate, but this phenomenon is not possible in a conventional plate girder [15]. 

The SPSW system demonstrates a stable hysteresis loop, rendering it a dependable option as a lateral structural system [16]. The 

shear actions are resisted by a field of tension created in the SPSW. The web plate does not provide remarkable strength in the linear 

elastic region; however, it is known for its high post-buckling strength [17-20]. According to the concept of capacity design, the 

tension field which is formed in the steel plate, imposes forces on the boundary elements. So columns and beam shall be designed 

in such a way to resist this force [21-23]. Also, Seismic assessment of the SPSWs reveals sufficient ductility, stiffness, and energy 

absorption [24-26]. 

3. Structural design 

The structural design is performed in accordance with AISC 360 [27] and AISC 341 [28], while the seismic and gravity loads 

are determined based on ASCE 7‑16 [29]. The considered building represents a conventional residential steel structure located in a 

region with high seismicity. Therefore, the structural configuration and member sizes are selected to satisfy the requirements of 

standard seismic design practice rather than special blast‑resistant design provisions. 

The perimeter beams of the SPSW system are connected to the columns using rigid connections, while the remaining beams 

(gravity beams) are modeled with hinged connections [30]. The structure is designed to resist the demands resulting from 

gravitational and seismic loading. According to AISC 341 [28], the aspect ratio of steel plate shear walls should be between 0.8 and 

2.5, and this requirement is satisfied in the present model. 

The prototype structure is a three‑story building with a story height of 3.3 m and a bay span of 5 m. Four SPSW bays are located 

on the perimeter of the building, and the structure was initially analyzed and designed using a three‑dimensional model. After 

completing the design process and finalizing the structural sections, including columns, beams, and steel plate thickness, one 

representative perimeter frame was extracted and modeled as a two‑dimensional frame in OpenSees [31] for the nonlinear dynamic 

analyses. The schematic view of the structural model is shown in Fig. 1. 

 
Fig. 1. Schematic view of the studied structure. 
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In the considered building, two SPSW systems are present in each principal direction. Therefore, the blast load applied to the 

structure is assumed to be equally shared between the two frames, and half of the calculated blast pressure is applied to the analyzed 

frame. 

In the selected frame, the columns consist of box sections (BOX 200×20). The boundary beams at the first and second stories 

are plate girders with web dimensions of 350×8 mm and flange dimensions of 200×20 mm. The boundary beams at the third story 

are plate girders with web dimensions of 400×10 mm and flange dimensions of 300×25 mm. 

4. OpenSees modelling and verification 

4.1. Numerical model 

The structure was modeled and analyzed using the nonlinear analysis software OpenSees [31]. The strip model introduced by 

Thorburn et al. [32] was utilized. Also, the newest material model developed by Jalali et al. [33-35]. The area of cross-section of 

each truss element is correlated with the steel plate thickness by Eq. 1 [30].The variables α, tw, h, L, and n represent the web plate 

inclination angle, thickness of the wall, the height and length of the wall, and the number of strip truss elements, respectively. 

𝐴𝑠 =
[𝐿 𝑐𝑜𝑠(𝛼)+ℎ 𝑠𝑖𝑛(𝛼)]

𝑛
𝑡𝑤  (1) 

To capture the behavior of beams and columns, a plasticity distributed model with nonlinear elements was implemented. The 

modeling approach assumes that entering the nonlinear region is possible for every point of the elements, allowing for use of 

materials with nonlinear behavior along the length of the element for the analyze. 

To simulate the steel plate shear wall, 10 truss elements were employed in each direction, meeting the minimum number of 

recommendations outlined in AISC 341-16 [28]. Consequently, the wall was composed of 20 truss strip elements in each infill 

panel.  

In OpenSees, the Steel02 material, a strain-hardening isotropic steel with yield stress Fv = 235 MPa, modulus of elasticity Es = 

206 GPa, and a strain-hardening ratio of 0.01, is utilized to model beams and columns. Additionally, the SPSW02 material proposed 

by Jalali and Banazadeh [33, 34] is employed to model the strips equivalent to the infill plate. Also, a material with the same 

properties is used for the columns and beams. The cyclic behavior of this material is illustrated in Fig. 2, with σmax,1 representing the 

ultimate stress of the main loading cycle. 

The use of equivalent strip elements for the infill plate allows the numerical model to represent the post-buckling behavior of 

the SPSW system. After buckling, the steel plate contributes to the lateral resistance mainly through tension-field action, which is 

captured by the nonlinear response of the SPSW02 strip elements. Therefore, the global nonlinear behavior of the SPSW system is 

simulated through the interaction between the boundary beams, boundary columns, and the yielded plate strips. In the reliability 

analysis, the yield stress of the steel infill plate and the yield stress of the boundary beams and columns were considered as uncertain 

parameters. The elastic modulus was assumed to remain unchanged, which is consistent with the adopted treatment of high-strain-

rate effects, where the steel yield stress is modified while the elastic stiffness is maintained. 

 
Fig. 2. Cyclic performance of SPSW02 model in OpenSees. 

In the nonlinear dynamic analyses, viscous damping was modeled using Rayleigh damping implemented in OpenSees. In this 

approach, the damping matrix is constructed as a combination of mass-proportional and stiffness-proportional components. In the 

present model, the damping formulation includes a mass-proportional term and a stiffness-proportional term based on the last 

committed stiffness matrix of the structure. 

The damping coefficients were determined to achieve a target damping ratio of 5%, which is commonly adopted for steel building 

structures in the literature. The coefficients were calculated using the first and fifth natural vibration modes of the structure obtained 

from eigenvalue analysis. The circular frequencies of these modes were determined from the corresponding eigenvalues, and the 

Rayleigh damping parameters were then calculated based on the selected modal frequencies and the target damping ratio. 

This damping formulation was applied consistently to all nodes and elements of the numerical model, and the same damping 

parameters were used in all nonlinear time-history analyses performed for the blast loading simulations. 
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4.2. Verification 

The numerical simulation in OpenSees was verified with an experimental specimen from a test performed by the study of 

Sabouri-Ghomi and Sajjadi [36]. The specimen was a single-story SPSW, with an aspect ratio of 1.46. The wall infill plate was 

modeled using the strip model corresponding to 20 trusses with material of SPSW02 as in studies by Jalali and Banazadeh [33, 34]. 

In addition, the boundary members were modeled using steel02 material with non-linear elements of steel. The results obtained 

from the cyclic experiment showed good agreement with numerical results. It is important to note that there are no experiments on 

the behavior of SPSW under blast loading to be used as a reference for verification purposes. Based on FEMA 427 [37], it is possible 

to model the explosive blast load as a quasi-static load (pressure load). So, to get the most similar reliable results, verification was 

carried out by implementing a cyclic loading model that is comparable to blast numerical modeling implemented herein. The 

comparison of test specimen and numerical results can be observed in Fig. 3. 

 
Fig. 3. Verification of experimental specimen with numerical model. 

5. Blast loading 

Blast loading significantly exceeds the structural design forces and is applied over a brief period of time. The structural 

performance under blast and ballistic loading is highly intricate, influenced by factors such as high strain rate, elevated temperature, 

and propagation of blast waves within the structure. This study examines the behavior of a steel structure with an SPSW system 

under external blast loading, which occurs when the explosive charges are situated outside the structure. 

To accurately simulate these conditions, the blast loading was determined using empirical relationships based on the charge 

weight and standoff distance, consistent with the procedures described in UFC 3-340-02. The blast event was characterized by 

estimating the incident overpressure and the peak reflected pressure. For the 2D OpenSees model, the complex time-varying blast 

wave was simplified into an equivalent triangular pressure-time pulse, which is a standard engineering approximation for structural 

response analysis. 

To account for the 3D nature of the building in a 2D framework, the total blast pressure acting on the building front was 

distributed across the primary structural frames. Since the structure contains two identical SPSW systems in each principal direction, 

the total blast load was halved and applied to the 2D analytical frame as a uniformly distributed time-varying load acting on the 

front-facing columns and beams. The spatial distribution of this pressure was calculated based on the tributary area of the structural 

members. In this analysis, only the positive phase of the blast pressure was considered; negative phase effects and pressures on the 

back face of the structure were neglected to maintain a conservative estimate of the structural response. 

5.1. Dynamic properties of materials 

Blast loading results in very high strain rates ranging from 102 to 104 s-1, whereas the rate of strain in static condition falls 

between 10-6 to 10-5 s-1 [38]. These high strain rates change the dynamic mechanical properties of the structure, leading to different 

types of failure in various members of the structure. The impact of large values of strain rates on the properties of steel has been the 

subject of numerous studies [39].  

It has been observed that high strain rates significantly influence material properties, resulting in changes in the flow of the 

plastic stresses and material ductility during impulsive loadings. With increasing strain rates, both the yield and ultimate tensile 

stress also rise significantly [40]. Yield stress (fdv) and also ultimate stress of design in dynamic state (fdu), can be obtained by 

modifying the pure mentioned stresses through strength and dynamic increasing parameters, respectively (Eqs. 2 and 3) [41]. 

𝑓𝑑𝑦 = (𝑆𝐼𝐹) × (𝐷𝐼𝐹) × 𝑓𝑦  (2) 

𝑓𝑑𝑢 = (𝑆𝐼𝐹) × (𝐷𝐼𝐹) × 𝑓𝑢  (3) 

SIF is a strength rise parameter as defined in Table 1. Additionally, DIF is the dynamic increasing parameter and is provided for 

steel members, as tabulated in Table 2. 
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Table 1. Resistance coefficients for various materials. 

Material SIF 

S500 rebar 1.15 

Rolled steel ST37 and ST52 1.15 

Plate girders and other plate-made sections 1.15 

 

Table 2. Dynamic increasing parameter (DIF) for common steel materials. 

Yield stress  Ultimate stress 

Loading type material Bending-shear 
𝑓𝑑𝑦,𝑦

𝑓𝑦
 Compression-tension 

𝑓𝑑𝑦,𝑦

𝑓𝑦
  All 

𝑓𝑑𝑢,𝑢

𝑓𝑢
 

ST37 1.3 1.2  1.1 

ST52 1.2 1.15  1.05 

The dynamic increasing parameter is utilized to adjust static strength values in order to account for the impact of high strain rates 

on material strength. This factor is influenced by the type of stress, such as bending or direct shear. Flexural stresses develop rapidly, 

while shear strain rates are relatively low, resulting in delayed maximum shears. For axial members subjected to compressive or 

tensile forces, the strain rate is lower compared to flexural members. Experimental evidence indicates that the modulus of elasticity 

in dynamic condition remains unchanged in steel materials. Therefore, the yielding strength increasing coefficient for beams was 

1.495, and for columns and the steel plate shear wall, this value has been considered equal to 1.38. 

5.2. Blast load on front face 

The front face is exposed to a two-line pressure pattern, resulting in an equivalent triangular pressure as shown in Fig 4. The 

maximum over-pressure on the front face, also referred to as the front wave of the explosive blast, is equal to the pressure of 

reflection (pr). This pressure reaches the decay state (ps) at the leveling time (tc) [41-43]. 

 
Fig. 4. Blast load on front face. 

The leveling time (tc) is defined by S, G, R, and Cr parameters (Eq. 3). S and G are levelling distances, defined by Eqs. 4 and 5, 

and R is the ratio of S/G. In addition, Cr is the velocity of sound, which can be obtained from the graph of Fig. 5.  

𝑡𝑐 =
4𝑆

(1+𝑅)𝐶𝑟
  (4) 

𝑆 = 𝑚𝑖𝑛 {𝐵 ;  
𝐻

2
}  (5) 

𝐺 = 𝑚𝑎𝑥 {𝐵 ;  
𝐻

2
}  (6) 

 

 
Fig. 5. Cr values as a function of peak incident over-pressure. 
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Furthermore, the parameters PSO, which is the peak over-pressure of the explosion, and te are obtained based on Eqs. 7 to 9. 

𝑃𝑆 = 𝑃𝑆𝑂 + 𝐶𝑑𝑞𝑠  (7) 

𝑞𝑠 =
5𝑃𝑆𝑂

2

2(𝑃𝑆𝑂+7𝑃0)
  (8) 

𝑡𝑒 = (𝑡𝑑 − 𝑡𝑐)
𝑃𝑆

𝑃𝑅
+ 𝑡𝑐  (9) 

5.3. Blast load on side face and roof 

As there is no reflection wave, the blast load subjecting to the side faces are less than the blast loads on the front face. The 

triangular blast load with the maximum value of Pa is presented in Fig. 6. Pa is determined using Ce, qs, Cd, and λrw parameters by 

Eq. 10. Ce, which is the blast reduction coefficient, is obtained using Fig. 7 [41, 43]. qs is the maximum dynamic pressure, and Cd is 

the drag coefficient calculated using Table 3. Also, λrw is the blast wave length calculated using Eq. 9. 

𝜆𝑟𝑤 = 𝑈𝑠 × 𝑡𝑑  (10) 

𝑈𝑠 = 340√1 + 0.83𝑃𝑆𝑂  (11) 

 

 
Fig. 6. Blast load on side face and roof. 

 

 
Fig. 7. Blast reduction coefficient. 

 

Table 3. Drag coefficient (Cd). 

Maximum dynamic 0ressure (qs) (kg/cm2) Drag coefficient (Cd) 

0-1.75 -0.4 

1.75-3.5 -0.3 

3.5-9 -0.2 
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5.4. Blast load on back face 

The equation used for calculation of Pa for the back face is the same as for the side faces. However, for calculation of the Ce 

value, the height (H) and the length of the building (L) are summed up as shown in Fig. 8. Blast loads on the front face and back 

face act in the opposite direction, resulting in a reduction in the final value of blast load. Therefore, the blast load on the back face 

is neglected conservatively [41]. 

 
Fig. 8. Blast load on back face. 

5.5. Applying blast load 

The method of explosive charge and its standoff distance was used to determine the blast type and, therefore, the calculation of 

incident overpressure, peak reflected pressure, and blast duration. According to the US homeland security document [44], explosive 

charges and their improvised explosive devices can be categorized as depicted in Fig. 9. In this study, a charge weight (W) equal to 

1814 kg was selected and situated at a standoff distance (R) equal to 20 m from the structure, as illustrated in Fig. 10. 

 
Fig. 9. Types of explosive charges. 

 

 
Fig. 10. Standoff distance. 

The blast parameters, including the incident overpressure (PSO) and blast duration (td), were determined using empirical 

relationships based on the scaled distance Z = R/W1/3. Following the methodology of Moghaddam et al. [45], these parameters were 

estimated utilizing the empirical approaches proposed by Brode [46] and Newmark and Hansen [47], which are standard for surface 

blast analysis. These parameters can be calculated using Eqs. 12 to 14. 

𝑍 =
𝑅

𝑊
1
3

  (12) 

𝑡𝑑 = 𝑊
1

3
980[1+(

𝑍

0.54
)

10
]

([1+(
𝑍

0.02
)

3
]×[1+(

𝑍

0.74
)

6
]×[1+(

𝑍

6.9
)

2
])

  (13) 

𝑃𝑆𝑂 = 𝑃0

808[1+(
𝑍

4.5
)

2
]      

([1+(
𝑍

0.0
48

)

2

]×[1+(
𝑍

0.32
)

2
]×[1+(

𝑍

1.35
)

2
])

  (14) 
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6. Structural reliability analysis 

As the failure modes of the structural systems are not independent statistically, nor are they entirely dependent, the analysis of 

reliability is intricate. The demand and capacity are not statistically independent, and the structural performance will be determined 

from a non-linear finite element analysis.  

Optimization is the main pillar for the first-order reliability method (FORM); therefore, this method is susceptible to 

nonconvergence problems, particularly in dynamic problems. A crucial element for achieving convergence is the requirement for 

the limit-state function to possess continuous differentiability. Consequently, models containing discontinuities and piecewise 

functional forms are deemed unfeasible within the First Order Reliability Method (FORM) unless appropriate smoothing techniques 

are applied [48]. This makes FORM less appealing for engineering purposes in the construction industry. Moreover, in blast loading 

applications where nonlinear dynamic problems are prevalent, the calculation of the index of reliability using FORM necessitates 

the linearization of the function of limit-state, potentially resulting in unreliable reliability indices. 

Therefore, the damage probability can be derived from a stochastic finite element analysis that will employ event-based Monte 

Carlo Simulation (MCS) analysis. By using MCS, it is possible to track the failure modes for each generated sample. Despite being 

computationally intensive, MCS is considered a robust method due to the requirement of a significant number of sample points, 

particularly when using crude sampling techniques. Nonetheless, this approach is favored as a benchmark tool when precision is 

valued more than computational efficiency.  

A reliability assessment comprises two primary components: stochastic variables and limit-state functions. Stochastic variables, 

which are gathered in vector x, represent the uncertainties in the problem. The limit-state function, denoted as g, defines the 

occurrence for which the probability is being determined. For instance, in the fundamental reliability scenario, the main objective 

is to calculate the probability of system failure, also known as exceedance probability (EP). Failure takes place when the system's 

capacity, R(x), surpasses the demand, S(x), resulting in the limit-state function, as shown in Eq. 15. 

𝑔(𝑥) = 𝑅(𝑥) − 𝑆(𝑥)  (15) 

The exceedance probability, which is shown by G, is related to the reliability index denoted by β based on Eq. 16. 

𝐺 = Φ(−𝛽)  (16) 

where Φ is the univariate standard normal cumulative distribution function (CDF). 

Finally, the exceedance probability in the sampling method is calculated using a step function, I(x), by Eq. 17. 

𝐺 = ∫ …
+∞

−∞
∫ 𝐼(𝑥)𝑓𝑥(𝑥)𝑑𝑥

+∞

−∞
  (17) 

where fx(x) is the joint probability density function of random variables x, and the number of integrals equals the number of variables 

in x, denoted here by n. Also, I(x) is defined as Eq. 18. 

𝐼(𝑥) = {
1, 𝑔(𝑥) ≤ 0
0, 𝑔(𝑥) > 0

  (18) 

Reliability analysis are carried out to assess the structural performance in real-world conditions characterized by uncertainties in 

loadings and structural material and details. While a basic structural analysis can determine whether a structure will fail in specific 

conditions, in situations where the structural demand or resistance is uncertain, a reliability assessment is employed to assess the 

probability of failure. The sampling-based reliability assessment is carried out to investigate the vulnerability of a steel building 

with an SPSW system designed for seismic forces when exposed to blast explosive loading. In this study, the limit-state function 

has been chosen for checking the maximum drift ratio with 1.5%. In order to perform the stochastic nonlinear finite element analysis, 

the Rtx software has been linked to OpenSees software [49]. An overall view of the procedure has been presented in Fig. 11. 

 
Fig. 11. Overall view of stochastic finite element analysis. 

In this study, the maximum inter-story drift ratio was selected as the engineering demand parameter for defining structural 

performance under blast loading. The failure limit state was defined as exceedance of a 1.5% inter-story drift ratio. This value was 

selected based on the allowable story drift limits specified in ASCE 7 for building structures and was adopted as a practical 

performance-based deformation threshold. Although blast loading is different from seismic loading in terms of duration and loading 

mechanism, the ASCE 7 drift limit provides a recognized engineering basis for defining excessive lateral deformation. 
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In addition, because the present study is a probabilistic and comparative reliability assessment, a consistent drift threshold is 

required to classify the structural response of all Monte Carlo simulations into safe and failed cases. Therefore, the 1.5% drift ratio 

was used as a uniform limit state to evaluate and compare the vulnerability of the SPSW structure under different blast-loading 

scenarios and uncertainty realizations (Eq. 19). Exceedance of this threshold was interpreted as reaching an unacceptable 

deformation/damage state, not necessarily global collapse of the structure. 

𝑔(𝑥) = 0.015 − ∆(𝑥)  (19) 

Uncertainty in material properties, geometric characteristics and blast parameters is unavoidable. Even with the advancements 

in manufacturing technologies and precision measuring devices, the precise values of these parameters remain challenging to 

ascertain. As a result, tolerance ranges for the parameters have been employed instead. Every parameter is allocated a fixed value 

and a distribution derived from pertinent literature or building standards, and the reliability assessment is carried out in the manner 

outlined in the preceding section. Table 4 provides the variables, related distributions, and values employed for the fixed analysis. 

Table 4. Variable, distribution, and mean values [50]. 

Uncertainties 

Variable Distribution Mean CoV 

tw Lognormal 1 mm 0.03 

fy, plate Lognormal 1.38 × 2400 kg/cm2 0.07 

fy, column Lognormal 1.38 × 2400 kg/cm2 0.07 

fy, beam Lognormal 1.495 × 2400 kg/cm2 0.07 

R Lognormal 20 m 0.03 

W Normal 1814 kg 0.001 

7. Results and discussions 

Fig. 12 illustrates the convergence behavior of the Monte Carlo simulation results as the number of generated samples increases. 

In this analysis, each Monte Carlo sample represents a realization of the uncertain parameters listed in Table 4. For each sample, a 

nonlinear dynamic analysis was performed, and the maximum inter-story drift ratio was obtained. If the calculated drift ratio 

exceeded the selected performance limit of 1.5%, the sample was classified as failure. The cumulative failure probability was then 

calculated as the ratio of failed samples to the total number of generated samples. By progressively increasing the number of samples, 

the convergence of the estimated failure probability was evaluated, which resulted in the curve shown in Fig. 12. 

 
(a) 

 
(b) 

Fig. 12. (a) CoV for probability of failure; and (b) probability of failure. 

The stability of the Monte Carlo estimator was verified by examining the convergence of the failure probability as the number 

of samples approached 1700. The observed stabilization of the estimator, characterized by a Coefficient of Variation of 

approximately 0.02, confirms that the adopted sample size is sufficient to provide a stable estimate for the investigated performance 

limit state. In addition, the probabilistic characteristics of the random variables used in the Monte Carlo simulation are summarized 

in Table 4. As shown in this table, the uncertainties considered in the reliability analysis include the web plate thickness, yield stress 

of the web plate, yield stress of columns and beams, standoff distance, and charge weight. The corresponding mean values and 

coefficients of variation are reported in Table 4. This information clarifies the probabilistic input parameters used for generating the 

Monte Carlo samples and improves the reproducibility of the reliability analysis. 

1700 samples were generated using Monte Carlo sampling method. Considering the uncertainties in material properties of steel 

for columns, beams, and web plate, web plate thickness, standoff distance, and charge weight, the fragility curve can be obtained as 

shown in Fig. 13. As is evident in Fig. 13, the probability that the maximum drift ratio surpasses the 1.5% limit is 55%, and the 

reliability index is equal to -0.129. This shows that a typical steel structure with an SPSW system designed for a high seismic area 

is highly vulnerable when exposed to an explosive blast induced by a truck vehicle. However, in order to avoid non-economical 
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design sections, it is possible to decrease the hazard by defining safety circles to stop suspicious vehicles from entering the residential 

areas. Fig. 12a shows that after generation of 1700 samples, the failure probability has converged to an almost constant value with 

a Coefficient of Variation (CoV) equal to 0.02. 

 
Fig. 13. Structural reliability under explosive blast considering the defined variable. 

From an engineering performance perspective, the selected 1.5% inter-story drift ratio represents a deformation-based limit state 

for evaluating the serviceability and damage level of the SPSW system under extreme blast loading. Exceedance of this threshold 

does not necessarily indicate global collapse of the structure; rather, it implies that the structure has reached an unacceptable level 

of lateral deformation for the adopted performance criterion. Therefore, the calculated failure probability of 55% and the 

corresponding reliability index of β = -0.129 indicate a high likelihood of exceeding the selected drift-based performance limit under 

the considered truck-borne blast scenario. This result suggests that, although the SPSW building was designed for a high seismic 

region, its deformation demand under extreme blast loading can exceed the acceptable performance range, emphasizing the need 

for appropriate protective measures such as controlling the minimum standoff distance. 

Also, a sensitivity analysis was performed. As depicted in Fig. 14, the results showed that the reliability index is mostly affected 

by the web plate thickness. To identify the relative importance of the uncertain input parameters, a sensitivity analysis was performed 

using the Monte Carlo simulation results. In this study, the sensitivity index was expressed as dPf/dStdv, where Pf is the probability 

of failure, and Stdv denotes the standard deviation of each random variable. This index represents the rate of change in the estimated 

failure probability with respect to the standard deviation of a given uncertain parameter. Therefore, a larger absolute value of 

dPf/dStdv indicates that the probability of failure is more sensitive to the uncertainty associated with that parameter. 

The parameter influence was evaluated by perturbing the standard deviation of each random variable individually while keeping 

the mean values and the statistical properties of the other variables unchanged. For each perturbation, the Monte Carlo simulations 

were repeated, and the corresponding change in failure probability was calculated. The sensitivity index was then obtained as the 

ratio between the change in probability of failure and the change in the standard deviation of the considered parameter. 

  
(a) (b) 

Fig. 14. Sensitivity analysis based on: (a) 
𝒅𝑷𝒇

𝒅𝑺𝒕𝒅𝒗
; and (b) 

𝒅𝑷𝒇

𝒅𝒎𝒆𝒂𝒏
. 

8. Conclusions 

This paper performs a reliability analysis on a steel structure with a steel plate shear wall system that is basically designed for 

gravitational and seismic forces in a high seismic area based on the ASCE7-16 after being subjected to blast loading. The stochastic 

nonlinear dynamic finite element analysis has been carried out considering the inherent uncertainties in the variables such as web 

plate thickness of SPSW, yield stress of steel, standoff distance, and charge weight. A finite element model has been built and 

verified using the so-called strip model to capture the behavior of the steel structure after being subjected to explosive blast. 1700 

analysis were done using samples that were generated based on the Monte Carlo sampling method with Rtx software. The following 

conclusions can be drawn: 
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• By considering W, R, web plate thickness, web plate yield stress, beam and column yield stress as random variables, the 

failure probability of a steel frame subjected to blast loading induced by a delivery truck is 55 percent. Also, the 

corresponding reliability index is equal to -0.129. 

• Using sampling-based sensitivity analysis, web plate thickness, standoff distance, and explosion charge weight turn out to 

be the most important parameters in the failure probability of a steel frame. 

• By performing histogram sampling, the exceedance probability curve of the drift ratio is obtained. 

• Monte Carlo sampling can be used as an appropriate method to investigate the reliability level of steel structures with 

SPSW system. 

• Rtx software can be used as an engineer-friendly reliability assessment tool to evaluate the reliability level of the designed 

structures exposed to blast loadings. 
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A  R  T  I  C  L  E I  N  F  O 

Shear wave velocity (𝑉𝑠) is a fundamental parameter in geotechnical earthquake 

engineering and seismic site characterization; however, direct in-situ measurement 

remains expensive and spatially limited. This study proposes an interpretable hybrid 

group method of data handling-genetic algorithm (GMDH-GA) framework for predicting 

shear wave velocity profiles in heterogeneous alluvial deposits. A comprehensive 

geotechnical-geophysical database comprising 1991 records from 226 boreholes in 

Mashhad, Iran, was compiled using downhole measurements and standard penetration 

test (SPT) data. Depth (𝑍), SPT blow count (𝑁), and upper-layer shear wave velocity (𝑉𝑠𝑢) 

were selected as predictor variables. Separate soil-specific models were developed for clay, 

silt, sand, gravel, and combined soil datasets using a 70/30 training-testing strategy. The 

proposed models generated explicit polynomial equations while maintaining high 

predictive capability. Statistical evaluation demonstrated strong agreement between 

measured and predicted 𝑉𝑠 values, with testing-stage coefficients of determination 

reaching 0.98-0.99 and low prediction errors across all soil groups. Comparative analyses 

showed that the proposed GMDH-GA models substantially outperform widely used 

empirical correlations in terms of accuracy and generalization capability. Sensitivity 

analysis indicated that 𝑉𝑠𝑢 is the dominant predictor, followed by SPT resistance and 

depth. The results demonstrate that the proposed framework provides a reliable and 

interpretable alternative for estimating shear wave velocity profiles in regions where direct 

geophysical measurements are unavailable. 
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1. Introduction 

Shear wave velocity (𝑉𝑠) is one of the most important parameters used to characterize the dynamic behavior and stiffness of soil 

deposits. In particular, the average shear wave velocity of the upper 30 m of the ground profile (𝑉𝑠30) is widely used for seismic site 

classification, site-response analysis, and seismic microzonation studies. Although 𝑉𝑠30 is an important parameter for evaluating 

local site conditions, it should not be considered a direct measure of seismic hazard, which is controlled by multiple geological and 

seismological factors. 

Direct measurement of 𝑉𝑠 can be obtained using geophysical techniques such as downhole, crosshole, and surface-wave methods. 

However, these methods generally require specialized equipment, experienced personnel, and data interpretation or inversion 

procedures, which may increase project cost and complexity. Consequently, empirical correlations between 𝑉𝑠 and routinely 

measured geotechnical parameters, particularly standard penetration test (SPT) blow counts, have been widely developed and 

applied in engineering practice. 
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Despite their practical value, conventional empirical 𝑉𝑠-SPT correlations often exhibit considerable uncertainty because soil 

behavior is influenced by multiple factors, including soil type, stress conditions, depositional environment, and regional geological 

characteristics. Therefore, advanced data-driven approaches capable of capturing complex nonlinear relationships may provide more 

reliable and site-specific predictions of shear wave velocity. 

Extensive research has been conducted to establish empirical relationships between SPT blow count (𝑁) and shear wave velocity. 

Early studies by Ohta and Goto [1] and Imai and Tonouchi [2] introduced power-law and stress-dependent formulations that have 

formed the basis of most subsequent models. These relationships were later refined by incorporating soil density, confining stress, 

and depositional effects [3, 4]. However, despite their simplicity and practical utility, such empirical correlations are generally site-

specific and exhibit limited transferability due to variations in soil fabric, stress history, and geological conditions [5]. A number of 

correlations between the 𝑉𝑠 and the SPT-𝑁 value are collected from the literature and shown in Table 1. 

Table 1. Inventory of proposed empirical correlations between 𝑽𝒔 and SPT-𝑵 value. 

Authors All soils Gravel Sand Silt Clay 

Ohsaki and Iwasaki [6]  𝑉𝑠 = 81.38𝑁0.39   𝑉𝑠 = 59.4𝑁0.47    

Imai [7] 𝑉𝑠 = 91𝑁0.337   𝑉𝑠 = 80.6𝑁0.331  𝑉𝑠 = 80.2𝑁0.292  

Ohta and Goto [1] 𝑉𝑠 = 85.35𝑁0.348      

Seed and Idriss [8] 𝑉𝑠 = 61𝑁0.5      

Lee Shannon [9] 𝑉𝑠 = 76.2𝑁0.24    𝑉𝑠 = 104(𝑁 + 1)0.334  𝑉𝑠 = 138.4(𝑁 + 1)0.242  

Iyisan [10] 𝑉𝑠 = 51.5𝑁0.516      

Jafari et al. [5] 𝑉𝑠 = 22𝑁0.85      

Hasancebi and Ulusay [11] 𝑉𝑠 = 90𝑁0.309   𝑉𝑠 = 90.82𝑁0.319   𝑉𝑠 = 97.89𝑁0.269  

Dikmen [12] 𝑉𝑠 = 58𝑁0.39   𝑉𝑠 = 73𝑁0.33  𝑉𝑠 = 60𝑁0.36  𝑉𝑠 = 44𝑁0.48  

Maheswari et al. [13] 𝑉𝑠 = 95.64𝑁0.301   𝑉𝑠 = 100.53𝑁0.265   𝑉𝑠 = 89.31𝑁0.358  

Hafezi et al. [14] 𝑉𝑠 = 99𝑁0.53  𝑉𝑠 = 80𝑁0.58  𝑉𝑠 = 80𝑁0.58  𝑉𝑠 = 45𝑁0.72  𝑉𝑠 = 45𝑁0.72  

Chatterjee and Choudhury [15] 𝑉𝑠 = 78.21𝑁0.38   𝑉𝑠 = 54.82𝑁0.53   𝑉𝑠 = 77.11𝑁0.39  

Fatehnia et al. [16] 𝑉𝑠 = 77.1𝑁0.355      

Kirar et al. [17] 𝑉𝑠 = 99.5𝑁0.345   𝑉𝑠 = 100.3𝑁0.338   𝑉𝑠 = 94.4𝑁0.379  

To overcome these limitations, recent research has increasingly focused on data-driven machine learning approaches. Algorithms 

such as artificial neural networks (ANN), support vector machines (SVM), random forest (RF), and gradient boosting have 

demonstrated superior capability in capturing nonlinear relationships between geotechnical parameters and shear wave velocity. 

Numerous studies report that these models outperform conventional regression-based methods in terms of predictive accuracy and 

robustness [18-20]. Furthermore, hybrid and ensemble learning frameworks have further improved performance by enhancing 

generalization capability and reducing model uncertainty [21, 22]. 

Recent advances in machine learning have substantially expanded the application of intelligent predictive models in civil and 

geotechnical engineering. Beyond conventional neural networks, researchers have increasingly employed hybrid and ensemble 

frameworks to improve prediction accuracy, robustness, and generalization capability under complex nonlinear conditions. For 

example, Tabari et al. [23] developed a supervised committee neural network for estimating aquifer parameters and demonstrated 

that combining multiple intelligent predictors can significantly improve predictive performance compared with individual models. 

Their findings highlighted the potential of ensemble learning strategies for modeling highly nonlinear geotechnical and 

hydrogeological systems. 

More recently, machine-learning-driven methodologies have been extended to structural and seismic engineering applications. 

Farahani [24] proposed a data-driven seismic design framework integrating wavelet transforms and machine learning algorithms 

for reinforced concrete frame assessment. The study demonstrated the effectiveness of hybrid intelligent systems in extracting 

complex patterns from engineering datasets and improving prediction reliability. Similarly, Sadeghpour Haji et al. (2026) employed 

artificial neural networks to model the shear behavior of reinforced concrete columns under constant axial loading and reported high 

predictive accuracy for nonlinear structural responses. These studies collectively indicate the growing trend toward integrating 

advanced machine learning techniques with engineering domain knowledge to address complex prediction problems [25]. 

Despite these developments, several challenges remain unresolved in shear wave velocity prediction. Existing studies 

predominantly focus on black-box machine learning algorithms that provide limited interpretability for engineering decision-

making. Moreover, many published models have been developed using relatively small or geographically restricted datasets, which 

may not adequately represent the spatial variability and heterogeneity of natural alluvial deposits. In addition, only limited research 

has explored the integration of interpretable polynomial neural networks with evolutionary optimization algorithms for regional-

scale 𝑉𝑠 profile prediction. Consequently, there remains a need for predictive frameworks that simultaneously achieve high accuracy, 

transparency, and robustness while being developed from large-scale geotechnical databases. The present study addresses this 

research gap through the development of an interpretable hybrid GMDH-GA model calibrated using an extensive geotechnical-

geophysical dataset from Mashhad, Iran. 
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Despite these advances, a key limitation of most machine learning models is their lack of interpretability. Many high-

performance algorithms operate as black-box systems, providing accurate predictions without yielding explicit mathematical 

expressions, which limits their applicability in engineering design. In this context, the group method of data handling (GMDH), 

originally introduced by Ivakhnenko [26], offers a powerful alternative. GMDH is a self-organizing polynomial neural network that 

automatically constructs model structure through layer-wise selection of selected neurons. Unlike black-box models, it produces 

explicit mathematical equations, making it particularly suitable for engineering applications requiring both accuracy and 

transparency. Previous studies have confirmed its effectiveness in modeling complex geotechnical phenomena, including settlement, 

shear strength, liquefaction potential, and shear wave velocity [27-29].  To further improve performance, GMDH has been coupled 

with evolutionary optimization techniques, particularly genetic algorithms (GA). The hybrid GMDH-GA approach enhances model 

structure selection and parameter optimization, thereby improving generalization and avoiding local minima. Such a combination 

has demonstrated efficient performance in various geotechnical challenges; for instance, in soil property estimation and site 

characterization, such as predicting the correlation between unconfined compressive strength and standard penetration test results 

[30, 31] and in the assessment of soil liquefaction potential [32, 33]. 

Despite considerable progress in machine learning-based prediction of shear wave velocity, several important limitations remain 

unresolved. First, many high-performance machine learning models operate as black-box systems and therefore lack transparency 

and interpretability for practical geotechnical design. Second, most existing studies rely on relatively limited regional datasets that 

insufficiently capture the heterogeneity of complex alluvial deposits. Third, limited attention has been given to integrating 

interpretable polynomial neural networks with evolutionary optimization algorithms for regional 𝑉𝑠 profile prediction.  

To address these limitations, this study develops a hybrid GMDH-genetic algorithm framework using a comprehensive 

geotechnical-geophysical database consisting of 1991 records from 226 boreholes in Mashhad, Iran. Unlike conventional black-box 

approaches, the proposed method generates explicit polynomial equations while maintaining high predictive capability. In addition, 

separate soil-specific models are developed for clay, silt, sand, and gravel deposits to better represent soil-dependent nonlinear 

behavior. The main contributions of this study are: 

• development of interpretable hybrid GMDH-GA models for 𝑉𝑠 prediction; 

• incorporation of sequential upper-layer velocity (𝑉𝑠𝑢) information to capture stratigraphic continuity; 

• establishment of soil-specific predictive equations using a large regional database; and 

• comprehensive comparison with widely used empirical correlations. 

2. General setting and geological characteristics of the site 

Mashhad, the capital of Razavi Khorasan province and the second most populous city in Iran, covers an area exceeding 300 km² 

in northeastern Iran. The site is geographically located between latitudes 36.10°-36.24° N and longitudes 59.25°-59.43° E (Fig. 1). 

From a tectonic perspective, the region is situated at the boundary between the Central Iran and Koppe Dagh seismotectonic 

provinces. The Koppe Dagh structural zone, including the Hezar Masjed mountains, extends from the Caspian sea toward 

Afghanistan along a northwest-southeast trend. The Mashhad-Ghuchan depression represents a narrow compressional basin 

separating the folded-thrusted structures of the Koppe Dagh from the Binalood mountains. The northeastern boundary of the basin 

is controlled by major thrust faults, including the Kashafrood Fault, whereas the southwestern boundary is associated with the South 

Mashhad and Chenaran faults. The city is predominantly underlain by young alluvial deposits of the Mashhad Plain. 

 
Fig. 1. Geological map of study area with location of boreholes and faults. 
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Based on regional seismotectonic studies and historical earthquake records, the study area is characterized by high seismic 

activity. Although the region is currently experiencing a relatively quiescent seismic period, historical evidence indicates the 

occurrence of numerous destructive earthquakes. According to the Iranian code of practice for seismic resistant design of buildings 

(Standard No. 2800) [34], the area is classified as a high seismic hazard zone, with a peak ground acceleration (PGA) of 

approximately 0.30-0.35 g for a return period of 475 years. 

3. Methodology 

3.1. Data acquisition and preprocessing 

A comprehensive geotechnical-geophysical database was developed using site investigation reports provided by several 

consulting engineering companies in Mashhad, Iran. The final database comprised 1,991 data records obtained from 226 boreholes 

distributed across 186 investigation sites within the Mashhad Plain. The subsurface deposits primarily consist of clay, silt, sand, and 

gravelly alluvial materials, representing a wide range of geotechnical conditions. Standard penetration tests (SPT) were conducted 

at regular depth intervals in accordance with ASTM standards. In addition, downhole geophysical surveys were performed at 

selected locations to directly measure shear wave velocity (𝑉𝑠) profiles. 

The compiled database included depth (𝑍), soil type, SPT blow count (𝑁), moisture content, density, Atterberg limits, and 

measured shear wave velocity (𝑉𝑠) values. Prior to model development, a rigorous quality-control procedure was implemented to 

ensure data reliability. Incomplete records, physically inconsistent measurements, and erroneous entries were removed, while 

potential outliers were identified through statistical analysis and subsequently evaluated using geotechnical engineering judgment. 

Such preprocessing procedures are essential for improving the robustness and reliability of machine-learning-based geotechnical 

prediction models [35, 36]. 

Based on data availability, engineering relevance, and findings reported in previous studies, depth (𝑍), SPT blow count (𝑁), and 

shear wave velocity of the upper soil layer (𝑉𝑠𝑢) were selected as the input variables, whereas shear wave velocity (𝑉𝑠) was considered 

the target output parameter. These variables have been widely recognized as key factors influencing subsurface stiffness 

characteristics and have been extensively utilized in both empirical and data-driven 𝑉𝑠 prediction models [12, 13]. 

During the preprocessing stage, all input variables were normalized to eliminate scale dependency and improve the numerical 

stability and convergence behavior of the hybrid GMDH-GA framework. Data normalization is particularly important in 

evolutionary and neural-network-based algorithms because it facilitates efficient learning and minimizes the influence of variable 

magnitude disparities [37, 38]. Subsequently, the dataset was partitioned into training and testing subsets to enable an unbiased 

assessment of model performance.  

3.2. Input variable selection 

The selection of input variables was guided by geotechnical engineering principles, data availability, and evidence from previous 

empirical and machine-learning studies on shear wave velocity (𝑉𝑠) prediction. The objective was to identify predictors that are both 

physically meaningful and readily obtainable from routine site investigation programs while maintaining an efficient model structure 

[12, 39, 40]. 

Accordingly, depth (𝑍), standard penetration test blow count (𝑁), and shear wave velocity of the upper soil layer (𝑉𝑠𝑢) were 

selected as the input variables, whereas 𝑉𝑠 was considered the target output parameter. Depth was incorporated to account for 

variations in effective stress and soil stiffness with increasing overburden pressure. The SPT-𝑁 value was included due to its 

widespread use as an indicator of soil density, strength, and stiffness, while 𝑉𝑠𝑢 was considered to capture near-surface stratigraphic 

conditions and wave propagation characteristics that influence subsurface shear wave velocity [11, 38]. 

To assess the suitability of the selected predictors, preliminary statistical analyses, including correlation and multicollinearity 

assessments, were performed. The results confirmed that the selected variables exhibited significant relationships with 𝑉𝑠 while 

maintaining acceptable levels of interdependence, thereby minimizing redundancy within the input space [41, 42]. 

3.3. Model development framework (GMDH) 

The group method of data handling (GMDH) is a self-organizing neural network approach capable of modeling complex 

nonlinear relationships between input and output variables [26]. In a classical GMDH network, neurons are generated by combining 

different pairs of input variables through polynomial transfer functions at each layer, thereby producing new neurons for the 

subsequent layer. Through this iterative process, the network gradually identifies the best-performing model structure and 

establishes functional relationships between the input parameters and the target output [43].  

The primary objective of the GMDH algorithm is to determine an approximating function 𝑓 that best represents the actual 

functional relationship f between the input vector 𝑋 = (𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑛) and the output variable. Accordingly, the predicted output 

𝑦̂ is estimated such that the error between the predicted and observed values is minimized [26]. For a dataset containing 𝑀 

observations, the relationship between the input and output variables can be expressed as Eq. 1. 

𝑦𝑖 = 𝑓(𝑥𝑖1 , 𝑥𝑖2, 𝑥𝑖3, … , 𝑥𝑖𝑛)    where    (𝑖 = 1, 2, … , 𝑀)  (1) 
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where 𝑦𝑖 represents the observed output corresponding to the i-th observation, and 𝑥𝑖𝑗  denotes the j-th input variable associated with 

that observation. 

In this step, a GMDH-type NN is trained to predict the output value (𝑦𝑖̂) for the given input vector, 𝑋 = (𝑥𝑖1, 𝑥𝑖2, 𝑥𝑖3 , … , 𝑥𝑖𝑛) as 

shown in Eq. 2. 

𝑦𝑖̂ = 𝑓(𝑥𝑖1, 𝑥𝑖2, 𝑥𝑖3, … , 𝑥𝑖𝑛)    where    (𝑖 = 1, 2, … , 𝑀)  (2) 

A polynomial function is defined to minimize the squared error between observed and predicted outputs, as shown in Eq. 3. 

∑ [𝑓(𝑥𝑖1, 𝑥𝑖2 , … , 𝑥𝑖𝑛) − 𝑦𝑖]
2𝑀

𝑖=1 → 𝑚𝑖𝑛  (3) 

In the GMDH algorithm, a discrete form of the Volterra functional series formulates the general connection between input and 

output variables. This function is the discrete equivalent of the Kolmogorov-Gabor polynomial [26, 44, 45]. Hence: 

𝑦 = 𝑎0 + ∑ 𝑎𝑖𝑥𝑖
𝑛
𝑖=1 + ∑ ∑ 𝑎𝑖𝑗𝑥𝑖𝑥𝑗

𝑛
𝑗=1

𝑛
𝑖=1 + ∑ ∑ ∑ 𝑎𝑖𝑗𝑘𝑥𝑖𝑥𝑗𝑥𝑘

𝑛
𝑘=1

𝑛
𝑗=1

𝑛
𝑖=1 + ⋯  (4) 

A system of partial quadratic polynomials including only two input variables can be used for representing this general form of 

mathematical description as shown in Eq. 5. 

𝑦̂ = 𝐺(𝑥𝑖 , 𝑥𝑗) = 𝑎0 + 𝑎1𝑥𝑖 + 𝑎2𝑥𝑗 + 𝑎3𝑥𝑖𝑥𝑗 + 𝑎4𝑥𝑖
2 + 𝑎5𝑥𝑗

2  (5) 

The coefficients ai in Eq. 5 are calculated using regression techniques so that the difference between the real output, 𝑦 and the 

predicted one, 𝑦̂  for each pair of 𝑥𝑖 and 𝑥𝑗 as input variables is minimized [26, 45]. In this way, for every quadratic function, 𝑦𝑖̂, the 

coefficients 𝑎𝑖 are calculated to optimally fit the output in the whole set of input-output data pairs, as shown in Eq. 6. 

𝐸 =
1

𝑀
∑ (𝑦𝑖 − 𝑦𝑖̂)

2𝑀
𝑖=1  → 𝑚𝑖𝑛  (6) 

Only the neurons exhibiting the lowest prediction error according to an external validation criterion are retained for the 

subsequent layer, while the remaining neurons are discarded [42]. This self-organizing mechanism enables automatic determination 

of the best-performing network architecture and prevents excessive model complexity. In the fundamental form of the GMDH 

algorithm, all possible combinations of two input variables are considered to construct a regression polynomial that best fits the 

observed output data (𝑦𝑖 , 𝑖 = 1, 2, … , 𝑀) based on the least-squares criterion [26]. The multiple regression analysis together with the 

least-squares technique is then employed to determine the optimal vector of coefficients for the polynomial model [26, 43, 45]. This 

can be expressed in the form of Eq. 5 as shown in Eq. 7. 

𝑎 = (𝐴𝑇𝐴)−1𝐴𝑇𝑌  (7) 

where 𝐴 is the design matrix, and 𝑌 is the vector of observed outputs. 

In the present study, depth (𝑍), standard penetration test blow count (𝑁), and shear wave velocity of the upper soil layer (𝑉𝑠𝑢) 

were used as input variables, whereas shear wave velocity (𝑉𝑠) was considered the target output parameter. Compared with 

conventional ANN and ensemble learning methods such as random forest and XGBoost, GMDH provides explicit polynomial 

representations while automatically determining the best-performing network architecture. This capability enhances model 

interpretability, reduces the risk of overfitting, and improves predictive reliability, making GMDH particularly suitable for 

heterogeneous geotechnical datasets and nonlinear soil behavior modeling [42, 46]. 

3.4. Genetic algorithm (GA) optimization procedure 

To enhance the predictive performance of the GMDH model and improve its generalization capability, a genetic algorithm (GA) 

was employed as a global optimization tool. GA is an evolutionary search technique that has been widely applied for optimizing 

machine-learning models in complex nonlinear engineering problems due to its ability to efficiently explore large solution spaces 

and avoid local optima [47]. Within the proposed hybrid framework, each chromosome represents a candidate configuration of the 

GMDH model, including parameters related to network architecture and neuron selection. An initial population of candidate 

solutions was randomly generated to ensure sufficient diversity and facilitate effective exploration of the search space. The fitness 

of each chromosome was evaluated based on the root mean square error (RMSE) between observed and predicted shear wave 

velocity (𝑉𝑠) values, with lower RMSE values indicating superior model performance [42]. 

The optimization process was performed using the basic genetic operators of selection, crossover, and mutation. In each 

generation, candidate solutions with better fitness values were more likely to be selected for reproduction, while crossover and 

mutation were applied to generate new solutions and maintain diversity within the population. The process was repeated until the 

stopping criteria were satisfied, such as reaching the maximum number of generations or observing no significant improvement in 

the fitness function. The best solution obtained by the genetic algorithm (GA) was then incorporated into the GMDH framework to 

develop the final hybrid GMDH-GA model. By automatically optimizing the network structure and model parameters, the GA 
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improved the prediction capability of the model and reduced the possibility of overfitting. Similar applications of evolutionary 

optimization techniques have demonstrated their effectiveness in enhancing the performance of GMDH-based and neural-network-

based predictive models in engineering problems [38, 46]. Similar studies have shown that evolutionary optimization algorithms 

can substantially improve the predictive capability of GMDH-based and neural-network models by optimizing model structure, 

enhancing convergence behavior, and reducing the likelihood of premature convergence and overfitting [38, 46]. 

3.5. Training and testing strategy (70/30 Split) 

To evaluate the predictive capability of the proposed GMDH-GA model, the available dataset was partitioned into two mutually 

exclusive subsets using a holdout validation strategy. Specifically, 70% of the data were randomly assigned to the training set for 

model development, while the remaining 30% were reserved as an independent testing set for performance evaluation. This 

partitioning ratio is commonly adopted in machine-learning applications because it provides an effective balance between model 

calibration and unbiased performance assessment [38, 48]. The training subset was used to establish the GMDH network structure 

and optimize its parameters through the GA procedure. To prevent data leakage, no information from the testing dataset was utilized 

during model development or parameter tuning. The testing subset was subsequently employed to evaluate the predictive 

performance of the developed model on previously unseen observations, thereby providing an objective assessment of its practical 

applicability and generalization capability [39, 40, 47]. 

Prior to data partitioning, the dataset was randomly shuffled to preserve the statistical characteristics of the original database and 

minimize sampling bias. Furthermore, a 5-fold cross-validation procedure was incorporated within the training phase to enhance 

model robustness and reduce the risk of overfitting [49]. This additional validation step improves the stability and reliability of the 

optimization process, particularly when dealing with heterogeneous geotechnical datasets [35]. 

3.6. Model validation and performance evaluation metrics 

The performance of the proposed GMDH-GA model was evaluated using a comprehensive validation framework designed to 

assess both predictive accuracy and generalization capability. To ensure an unbiased assessment, model performance was examined 

using an independent testing dataset that was not involved in either model training or parameter optimization. Such an approach is 

widely recognized as an effective means of evaluating the robustness and practical applicability of machine-learning models on 

previously unseen data [38, 48]. To quantitatively assess prediction performance, four widely used statistical indicators were 

employed: the coefficient of determination (R²), root mean square error (RMSE), mean absolute deviation (MAD), mean absolute 

percentage error (MAPE), and mean squared error (MSE). These metrics provide complementary information regarding prediction 

accuracy, error magnitude, and model reliability. 

The performance indicators were calculated as follows: 

R2 = 1 − [
∑ (𝑌𝑖(𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)−𝑌𝑖(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑))2𝑛

𝑖=0

∑ (𝑌𝑖(𝐴𝑐𝑡𝑢𝑎𝑙))
2𝑛

𝑖=1

]  (8) 

RMSE = [
∑ (𝑌𝑖(𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)−𝑌𝑖(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑))2𝑛

𝑖=0

𝑛
]

1/2

  (9) 

MAD =
∑ |𝑌𝑖(𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)−𝑌𝑖(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)|𝑛

𝑖=1

𝑛
  (10) 

MAPE =
1

𝑛
[

∑ |𝑌𝑖(𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)−𝑌𝑖(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)|𝑛
𝑖=1

∑ 𝑌𝑖(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑)   𝑛
𝑖=1

] × 100  (11) 

MSE =
∑ (𝑌𝑖(𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)−𝑌𝑖(𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑))2𝑛

𝑖=0

𝑛
  (12) 

where 𝑛 is the number of observations. The coefficient of determination (R²) measures the proportion of variance in the observed 

data explained by the model, with values approaching unity indicating superior predictive capability. RMSE quantifies the overall 

magnitude of prediction errors and is particularly sensitive to large deviations. MAE provides a direct measure of the average 

absolute prediction error, while MAPE expresses prediction errors in percentage terms, enabling relative performance comparisons 

across different datasets and modeling approaches [50, 51]. 

 
Fig. 2. Overall methodological framework of the proposed hybrid GMDH-GA model for shear wave velocity (𝑽𝒔) prediction. 
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The overall methodological framework of the proposed GMDH-GA hybrid model for shear wave velocity (𝑉𝑠) prediction, 

including data collection, preprocessing, input variable selection, data normalization, training/testing partitioning, GMDH model 

development, GA-based optimization, model validation, comparison with existing empirical correlations, and sensitivity analysis, 

is shown in Fig. 2. 

4. Modelling shear wave velocity using GMDH neural networks 

The feed-forward GMDH-type neural network for predicting shear wave velocity (𝑉𝑠) was developed using the experimental 

dataset described in the previous sections. The input variables included depth (𝑍), SPT blow count (𝑁), and shear wave velocity of 

the upper soil layer (𝑉𝑠𝑢), while the target output was the corresponding shear wave velocity of the soil (𝑉𝑠). To evaluate the predictive 

performance of the model, the dataset was randomly divided into training and testing subsets with similar statistical characteristics. 

For each soil group (all soils, clay, silt, sand, and gravel), 70% of the data were allocated for model training and 30% for testing and 

validation (Table 2) [48, 49]. 

Table 2. Descriptive statistics of input and output parameters used in the testing set. 

Variable Minimum Maximum Mean Groups 

𝑍 1 49 16.65 

(1) All soils 
𝑁 8 86 45.19 

𝑉𝑠𝑢 110 975 493.19 

𝑉𝑠 141 990 527.68 

𝑍 1.50 56 20.75 

(2) Clay 
𝑁 12.00 84 41.76 

𝑉𝑠𝑢 111.30 858 513.16 

𝑉𝑠 166.00 886.8 548.76 

𝑍 1.5 45 20.29 

(3) Silt 
𝑁 6 76 34.44 

𝑉𝑠𝑢 161 810 495.39 

𝑉𝑠 187 875 521.50 

𝑍 1.5 41.5 15.47 

(4) Sand 
𝑁 7 86 47.40 

𝑉𝑠𝑢 110 859.9 508.47 

𝑉𝑠 141 945 538.08 

𝑍 1 38 15.07 

(5) Gravel 
𝑁 10 86 48.83 

𝑉𝑠𝑢 134.57 947 504.32 

𝑉𝑠 236.5 975 541.99 

The GMDH-type neural networks were employed to construct explicit polynomial relationships between input variables and 𝑉𝑠. 

In this study, a genetic algorithm (GA) was integrated into the GMDH framework to optimize network architecture and model 

parameters. The GA controls key evolutionary parameters, including population size, number of generations, crossover probability, 

and mutation probability. After preliminary sensitivity analysis, a population size of 100, crossover probability of 0.9, and mutation 

probability of 0.1 were adopted over 300 generations, as no significant improvement was observed beyond this configuration, which 

is consistent with commonly reported GA settings in engineering optimization studies [47]. 

 
 

 
(a) (b) (c) 

  
(d) (e) 

Fig. 3. Optimized single-hidden-layer GMDH network structures for the 𝑽𝒔: (a) all soils; (b) clay; (c) silt; (d) sand; and (e) gravel. 
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The hybrid GMDH-GA framework was applied separately to five soil groups in order to capture soil-specific behavior. Although 

multiple network architectures with different numbers of hidden layers were tested, single-hidden-layer structures were selected as 

they provided an optimal balance between predictive accuracy and model simplicity. The final optimized network structures for 

each soil group are illustrated in Fig. 3. Although most models retained all input variables during construction, the GMDH algorithm 

inherently performs automated feature selection by retaining only the most influential terms during polynomial formation. This 

capability allows the generation of explicit mathematical expressions while maintaining high predictive performance [26, 46]. 

The resulting polynomial equations for shear wave velocity prediction are presented in Eqs. 13 to 17. Similar explicit polynomial 

formulations have been successfully reported in previous GMDH-based geotechnical prediction studies. For the case of all soil 

types, intermediate variables 𝑌1 and 𝑌2 are defined as Eqs. 13a and 13b. 

for all soils: 

𝑌1 = 203.0504 + 20.8002𝑍 + 3.6121𝑁 − 0.2484𝑍2 − 0.02666𝑁2 − 0.02974𝑍𝑁  (13a) 

𝑌2 = 124.1691 + 1.6931𝑍 + 0.8119𝑉𝑠𝑢 − 0.05386𝑍2 − 0.000089𝑉𝑠𝑢
2 + 0.007775𝑍𝑉𝑠𝑢  (13b) 

𝑉𝑠 = −88.1546 + 0.5184𝑌1 + 0.8366𝑌2 − 0.000642𝑌1
2 − 0.0000214𝑌2

2 + 0.000322𝑌1𝑌2  (13c) 

Similar formulations were obtained for clayey, silty, sandy, and gravelly soils, as shown in Eqs. 14 to 17. In all cases, depth (𝑍) 

and shear wave velocity of the upper layer (𝑉𝑠𝑢) are expressed in meters and m/s, respectively. The coefficients of the polynomial 

equations were automatically determined through the combined GMDH-GA optimization process. 

For clayey soils: 

𝑌1 = 101.2230 − 3.1997𝑍 + 0.9595𝑉𝑠𝑢 − 0.077789𝑍2 − 0.0003378𝑉𝑠𝑢
2 + 0.0130567𝑍𝑉𝑠𝑢   (14a) 

𝑉𝑠 = 8.1441 + 0.8703𝑍 + 0.9329𝑌1 + 0.01513𝑍2 + 0.000119𝑌1
2 − 0.002897𝑍𝑌1  (14b) 

For silty soils: 

𝑌1 = 219.3582 + 19.3295𝑍 + 1.4077𝑁 − 0.223459𝑍2 − 0.021702𝑁2 + 0.033419𝑍𝑁  (15a) 

𝑌2 = 101.36088 − 0.64436𝑁 + 0.824197𝑉𝑠𝑢 + 0.0065467𝑁2 + 0.0000761𝑉𝑠𝑢
2 + 0.0000631𝑁𝑉𝑠𝑢  (15b) 

𝑉𝑠 = 48.47287 − 0.27349𝑌1 + 1.071459𝑌2 − 0.0000827𝑌1
2 − 0.000437𝑌2

2 + 0.000735𝑌1𝑌2  (15c) 

For sandy soils: 

𝑌1 = 127.4764 + 0.400969𝑁 + 0.68966𝑉𝑠𝑢 − 0.0019389𝑁2 + 0.0001691𝑉𝑠𝑢
2 − 0.0001319𝑁𝑉𝑠𝑢  (16a) 

𝑌2 = 195.4441 + 23.76196𝑍 + 3.32919𝑁 − 0.379395𝑍2 − 0.0270525𝑁2 − 0.007853967𝑍𝑁  (16b) 

𝑉𝑠 = −127.93006 + 0.55972𝑌1 + 0.961276𝑌2 − 0.000461927𝑌1
2 − 0.00176247𝑌2

2 + 0.00172848𝑌1𝑌2  (16c) 

For gravely soils: 

𝑌1 = 244.4176 + 24.5336𝑍 + 1.93860𝑁 − 0.312301𝑍2 − 0.0136057𝑁2 − 0.038851𝑍𝑁  (17a) 

𝑌2 = 226.2265 − 1.516388𝑁 + 0.51278𝑉𝑠𝑢 + 0.00534585𝑁2 + 0.000228235𝑉𝑠𝑢
2 + 0.00197189𝑁𝑉𝑠𝑢  (17b) 

𝑉𝑠 = −160.70616 + 0.877126𝑌1 + 0.688160𝑌2 − 0.000411841𝑌1
2 + 0.000452851𝑌2

2 − 0.000531079𝑌1𝑌2  (17c) 

To evaluate model performance, predicted and measured values of 𝑉𝑠 were compared for both training and testing datasets. 

Scatter plots (Figs. 4 and 5) indicate that the predicted values are closely distributed around the 1:1 reference line, confirming strong 

agreement between measured and modeled data. 

The predictive performance of the developed models was quantitatively evaluated using standard statistical metrics, including 

the coefficient of determination (R2), root mean square error (RMSE), mean absolute deviation (MAD), mean absolute percentage 

error (MAPE), and mean squared error (MSE), defined in Eqs. 8 to 12. The corresponding performance results for all soil groups 

are summarized in Table 3. 
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(a) (b) (c) 

  
(d) (e) 

Fig. 4. The relationships between measured and predicted 𝑽𝒔 by GMDH through the training and testing process: (a) all soils; (b) 

clay; (c) silt; (d) sand; and (e) gravel. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 5. Comparison of measured values of 𝑽𝒔 with the predicted values using the evolved GMDH-type neural network for the testing 

dataset: (a) all soils; (b) clay; (c) silt; (d) sand; and (e) gravel. 
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Table 3. The amount of performance indexes for the GMDH models. 

Groups Set Number of data MAD (m/s) MAPE (%) MSE (m/s)2 RMSE (m/s) R2 Correlation coefficient 

All soils 
Testing set 597 44.5 8.43 4275.91 65.39 0.99 0.91 

Training set 1394 44.22 8.3 3862.85 62.15 0.99 0.92 

Clay 
Testing set 125 44.15 8.05 4748.68 68.91 0.99 0.90 

Training set 293 42.95 7.69 4276.98 65.4 0.99 0.93 

Silt 
Testing set 51 39.22 7.52 3781.47 61.49 0.99 0.93 

Training set 118 39.79 7.69 2909.26 53.94 0.99 0.95 

Sand 
Testing set 281 44.34 8.24 4003.52 63.27 0.99 0.91 

Training set 657 43.15 8.39 3643.2 60.36 0.99 0.91 

Gravel 
Testing set 140 49.89 9.21 4794.01 69.24 0.98 0.89 

Training set 326 44.95 8.32 3947.26 62.83 0.99 0.90 

These performance indicators are widely employed for evaluating machine-learning models in geotechnical engineering and 

provide complementary information regarding prediction accuracy, error magnitude, and model robustness. 

The obtained results demonstrate high predictive accuracy and low error levels for both training and testing datasets across all 

soil categories. The consistency between training and testing performance indicates that the proposed GMDH-GA models exhibit 

strong generalization capability and indicate no significant evidence of overfitting. Moreover, the ability of the model to generate 

explicit polynomial equations enhances its practical applicability in geotechnical engineering design. Overall, the results confirm 

that the hybrid GMDH-GA framework provides a reliable, accurate, and interpretable tool for predicting shear wave velocity profiles 

in heterogeneous alluvial deposits. 

A comparison between measured and predicted 𝑉𝑠 values revealed that the developed GMDH-GA models successfully captured 

the nonlinear relationships among depth, SPT-𝑁 value, and upper-layer shear wave velocity across different soil categories. The 

resulting polynomial expressions provide transparent predictive formulations that can be directly implemented in engineering 

practice without requiring retraining procedures or specialized computational platforms. 

The accuracy and predictive performance of the proposed GMDH model for group 1 (all soils) were statistically evaluated and 

compared with previously published empirical correlations listed in Table 1. The analysis was carried out using the full dataset of 

1,991 samples, and the results presented in Table 4 clearly indicate that the GMDH-based approach outperforms all existing 

empirical correlations. Similar improvements achieved by hybrid machine-learning models over conventional empirical 

relationships have been reported in recent geotechnical studies. Accordingly, the developed model demonstrates higher predictive 

accuracy and enhanced reliability in estimating shear wave velocity (𝑉𝑠). 

Table 4. Performance indexes for GMDH model compared with other empirical correlations. 

Equation of this author for all 

soils 
No. of data MAD (m/s) MAPE (%) MSE (m/s)2 RMSE (m/s) R2 

Correlation 

coefficient 

Ohsaki and Iwasaki [6] 1991 194.25 36.57 54930.87 234.37 0.82 0.28 

Imai [7] 1991 218.24 41.08 66361.26 257.61 0.78 0.28 

Ohta and Goto [1] 1991 224.21 42.21 69410.08 263.46 0.77 0.28 

Seed and Idriss [8] 1991 161.96 30.49 41250.88 203.10 0.87 0.28 

Lee Shannon [9] 1991 344.42 64.84 141689.82 376.42 0.54 0.28 

Iyisan [10] 1991 188.93 35.57 53192.95 230.64 0.83 0.28 

Jafari et al. [5] 1991 171.82 32.35 44857.26 211.80 0.85 0.27 

Hasancebi and Ulusay [11] 1991 249.30 46.93 82512.25 287.25 0.73 0.28 

Dikmen [12] 1991 282.22 53.13 101196.46 318.11 0.67 0.28 

Maheswari et al. [13] 1991 241.33 45.43 78236.13 279.71 0.74 0.28 

Hafezi et al. [14] 1991 231.26 43.54 75992.59 275.67 0.75 0.28 

Chatterjee and Choudhury [15] 1991 215.07 40.49 64911.56 254.78 0.79 0.28 

Fatehnia et al. [16] 1991 244.19 45.97 79786.08 282.46 0.74 0.28 

This study (GMDH model) 1991 186.21 35.06 51013.35 225.86 0.83 0.28 

This study (GMDH model) 1991 44.30 8.34 3986.74 63.14 0.99 0.92 

The scatter plots presented in Fig. 6 further illustrate the comparison between measured and predicted 𝑉𝑠 values. It is evident that 

most of the existing empirical correlations systematically underestimate 𝑉𝑠 and exhibit considerable data dispersion around the 1:1 

reference line. Among the evaluated relationships, the correlation proposed by Jafari et al. [5] exhibits comparatively better 

performance; however, noticeable scatter remains, indicating limitations in its predictive capability. This observation is consistent 

with previous findings suggesting that empirical 𝑉𝑠-SPT relationships often struggle to capture the inherent heterogeneity and 

nonlinear behavior of soil deposits. 
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Fig. 6. Comparison of measured values of 𝑽𝒔 with predicted values using different methods. 

To further evaluate the capability of the proposed model in reproducing shear wave velocity variations with depth, a 

representative 30-m-deep borehole located in central Mashhad was analyzed using Eqs. 13a to 13c (Table 5). The coefficient of 

determination shown in Fig. 7a confirms that the GMDH model provides a close approximation to the measured 𝑉𝑠 profile. In the 

stepwise implementation procedure, the assumption of 𝑉𝑠 = 0 at the ground surface was adopted to initiate the calculations, and the 

predicted upper-layer velocity (𝑉𝑠𝑢) was subsequently utilized as an input for estimating deeper soil layers. 

Table 5. A sample of bore log profile and calculating procedure using Eqs. 13a to 13c. 

Borehole ID 𝑿 𝒀 Soil type Depth SPT 𝑽𝒔𝒖 𝑽𝒔 (measured) 𝒀𝟏 𝒀𝟐 𝑽𝒔 (GMDH) 

I6-3-1 726055 4026141 SM 0.5 15 0 115 261.4 123.3 116.69 

I6-3-1 726055 4026141 SP-SM 1.5 16 116.7 204 284 216.4 207.10 

I6-3-1 726055 4026141 SW-SM 3 19 207.1 261 320.5 287.8 280.72 

I6-3-1 726055 4026141 SP 5 24 280.7 347 368.6 346.2 343.83 

I6-3-1 726055 4026141 GP 7 26 343.8 389 407 397 397.29 

I6-3-1 726055 4026141 GW 9 25 397.3 491 437.1 440.9 442.51 

I6-3-1 726055 4026141 SP-SM 11 28 442.5 515 472.9 478.7 481.91 

I6-3-1 726055 4026141 SC 13 30 481.9 504 504.2 512.4 516.22 

I6-3-1 726055 4026141 SW-SM 15 23 516.2 565 517.9 542.3 545.91 

I6-3-1 726055 4026141 SW-SM 17 29 545.9 572 552.5 568.7 572.29 

I6-3-1 726055 4026141 SP-SM 19 33 572.3 687 580.1 592.6 595.46 

I6-3-1 726055 4026141 SP-SM 21 31 595.5 794 597.3 614 616.11 

I6-3-1 726055 4026141 GP-GM 23 33 616.1 743 617.6 633.3 634.35 

I6-3-1 726055 4026141 GP 25 36 634.3 617 636.5 650.7 650.37 

I6-3-1 726055 4026141 SM 27 37 650.4 619 651 666.1 664.64 
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Figure 7-b compares the measured downhole 𝑉𝑠 profile with predictions obtained from the proposed GMDH model and 

previously developed empirical correlations. The results demonstrate that none of the existing relationships accurately reproduces 

the complete velocity profile throughout the investigated depth range. Although the model proposed by Hafezi et al. [14] exhibits 

partial agreement at greater depths, it tends to overestimate 𝑉𝑠 values in the upper layers. In contrast, the proposed GMDH-based 

model consistently follows the measured trend and provides a more reliable representation of the full shear wave velocity profile. 

The improved performance can be attributed to the capability of GMDH to capture nonlinear interactions among depth, SPT-𝑁 

values, and upper-layer shear wave velocity while simultaneously controlling model complexity through its self-organizing 

architecture. 

 
(a) 

 
(b) 

Fig. 7. (a) The relationship between the measured and calculated 𝑽𝒔 using Eq. 8 for borehole I6-3-1; and (b) the measured and 

predicted 𝑽𝒔 profile for borehole I6-3-1. 

5. Sensitivity analysis 

Since the polynomial equations generated by the evolved GMDH-type neural network are highly nonlinear and do not explicitly 

quantify the relative contribution of each input variable to the predicted shear wave velocity (𝑉𝑠), a sensitivity analysis was performed 

to evaluate the influence of predictor variables on model output. Sensitivity analysis is widely used in machine learning-based 

geotechnical and geophysical studies to improve model interpretability and quantify the relative importance of input parameters [52, 

53]. In this study, the cosine amplitude method (CAM) was employed to determine the relative strength of association between input 

variables and the output variable. The CAM is a simple yet effective statistical technique commonly used in artificial intelligence 

and data-driven modeling because of its ability to quantify variable dependency in multidimensional datasets [27, 54]. The 

relationship coefficient is defined as Eq. 18. 

𝑅𝑖𝑗 =
∑ (𝑥𝑖𝑘×𝑥𝑗𝑘)𝑛

𝑘=1

√∑ 𝑥𝑖𝑘
2  ∑ 𝑥𝑗𝑘

2𝑛
𝑘=1

𝑛
𝑘=1

  (18) 

where 𝑥𝑖 and 𝑥𝑗 represent the input and output variables, respectively, and 𝑛 is the number of data samples. The coefficient 𝑅𝑖𝑗 

ranges between 0 and 1, where values closer to zero indicate weak influence, while values approaching unity indicate strong 

correlation with the predicted shear wave velocity (𝑉𝑠). 

The sensitivity analysis results for the developed one-hidden-layer GMDH models are presented in Fig. 8. The results indicate 

that the shear wave velocity of the upper soil layer (𝑉𝑠𝑢) is the most influential parameter in predicting 𝑉𝑠. Furthermore, the SPT 

blow count (𝑁) exhibits higher sensitivity in coarse-grained soils, whereas its influence decreases in fine-grained deposits. In 

contrast, depth (𝑍) shows relatively lower sensitivity compared to the other input variables. Similar findings regarding the dominant 

role of near-surface shear wave velocity and SPT-𝑁 in 𝑉𝑠 prediction have been reported in previous studies, confirming the physical 

consistency of the proposed model [12]. 



Ataee Civil Engineering and Applied Solutions, 2027; 3(2): 144–160 
 

156 

 
Fig. 8. Contributions of the predictor variables in the best-selected GMDH models for five soil groups under study. 

6. Results and discussion 

High-performance predictive models were developed for estimating shear wave velocity (𝑉𝑠) using a hybrid GMDH-genetic 

algorithm (GMDH-GA) framework. The main objective was to derive explicit and reliable formulations for estimating the shear 

wave velocity of the upper 30 m soil profile (𝑉𝑠30) in the absence of in-situ geophysical measurements. The 𝑉𝑠30 parameter is widely 

recognized as a key index in seismic site classification and ground response analysis. Accordingly, 𝑉𝑠 was modeled as a function of 

depth (𝑍), SPT blow count (𝑁), and shear wave velocity of the upper soil layer (𝑉𝑠𝑢), which were identified as dominant predictors 

in the sensitivity analysis. 

The dataset was compiled from geotechnical and geophysical investigations conducted in Mashhad, comprising 226 boreholes 

and 1,991 data records representing clay, silt, sand, and gravel deposits. Separate GMDH-based polynomial models were developed 

for each soil group as well as for the combined dataset. For each case, 70% of the data were used for training and 30% for testing. 

Model performance was evaluated against previously published empirical correlations, demonstrating that the proposed GMDH-

GA approach consistently provides higher accuracy and improved predictive capability across all soil types. Although deeper 

network structures with additional hidden layers showed marginal improvements in accuracy, single-hidden-layer models were 

selected as the final formulations due to their superior generalization capability and higher interpretability, which is a key 

requirement in engineering design applications. 

Sensitivity analysis confirmed that 𝑉𝑠𝑢 is the most influential predictor, and its exclusion significantly reduces model accuracy. 

This finding is consistent with previous studies highlighting the dominant role of near-surface shear wave velocity in soil stiffness 

characterization and wave propagation behavior. Additionally, SPT blow count exhibits a stronger influence in coarse-grained soils, 

whereas its effect decreases in fine-grained materials due to differences in fabric and compressibility characteristics. Depth (𝑍) 

shows a relatively lower but consistent contribution across all soil groups. 

The inclusion of 𝑉𝑠𝑢 is physically justified by the layered continuity of alluvial deposits and the progressive increase in soil 

stiffness with depth. In sedimentary environments, mechanical properties of adjacent layers are strongly interdependent due to stress 

history and depositional processes. Therefore, incorporating 𝑉𝑠𝑢 captures the sequential nature of shear wave propagation in stratified 

media rather than introducing redundant information. However, this variable may limit direct applicability in sites lacking 

preliminary 𝑉𝑠 measurements; hence, the proposed framework is particularly suitable for profile reconstruction, interpolation, and 

data-enhanced geotechnical site characterization. 

Overall, the results demonstrate that the proposed GMDH-GA models provide reliable and robust predictions of shear wave 

velocity profiles and can serve as a complementary or alternative tool to conventional in-situ testing methods such as downhole and 

crosshole measurements. Since 𝑉𝑠𝑢 profiles play a critical role in seismic microzonation, site response analysis, liquefaction potential 

assessment, and seismic site classification, the proposed models offer an efficient and practical tool for geotechnical earthquake 

engineering applications. Comparison with existing empirical correlations further confirms the superiority of region-specific 

modeling approaches, as global empirical relationships show significant deviations from measured data, whereas the proposed 

hybrid 𝑉𝑠𝑢 framework exhibits strong agreement with downhole observations. 

7. Conclusions 

This study developed a hybrid GMDH-genetic algorithm (GMDH-GA) framework for predicting shear wave velocity (𝑉𝑠) 

profiles in heterogeneous alluvial deposits using a comprehensive geotechnical database from Mashhad, Iran. The proposed models 

were constructed using depth (𝑍), standard penetration test blow count (SPT-𝑁), and upper-layer shear wave velocity (𝑉𝑠𝑢) as input 

parameters and were evaluated across different soil groups, including clay, silt, sand, and gravel. 
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The results demonstrated that the proposed GMDH-GA models achieve high predictive accuracy and consistently outperform 

conventional empirical correlations in terms of error reduction and generalization capability. These findings are consistent with 

recent studies highlighting the superiority of hybrid machine learning approaches over traditional empirical relationships in 

geotechnical parameter estimation. Sensitivity analysis indicated that 𝑉𝑠𝑢 is the most influential predictor in 𝑉𝑠 estimation, followed 

by SPT blow count, particularly in coarse-grained soils. In contrast, depth exhibited a comparatively lower but stable contribution 

across all soil types, reflecting the gradual variation of stress-dependent soil stiffness with depth. 

Unlike conventional black-box machine learning models, the proposed GMDH-GA framework provides explicit polynomial 

expressions, thereby enhancing model transparency, interpretability, and practical usability in geotechnical engineering design. 

Overall, the developed models offer a reliable and efficient tool for seismic site characterization, seismic microzonation, ground 

response analysis, and preliminary site classification in regions where direct geophysical measurements are limited. The proposed 

approach bridges the gap between empirical correlations and advanced artificial intelligence techniques by combining predictive 

accuracy with physical interpretability. 

8. Limitations and future work 

Although the proposed GMDH-GA framework demonstrates strong predictive performance, several limitations should be 

acknowledged. First, the developed models are based on data from a specific geological setting (Mashhad alluvial deposits), which 

may limit their direct applicability to regions with different geological and stratigraphic conditions. Therefore, external validation 

in other geological environments is necessary before broader application. Second, the inclusion of 𝑉𝑠𝑢 improves predictive accuracy 

but may limit the applicability of the model in sites where prior shear wave velocity information is not available. This reflects a 

trade-off between model accuracy and field data dependency. Third, as with most data-driven approaches, model performance is 

influenced by the quality and uncertainty of input data, particularly SPT measurements and in-situ geophysical observations. 

Furthermore, future research should focus on validating the proposed framework across diverse geological conditions and 

incorporating additional geotechnical and geophysical parameters such as CPT data and soil index properties. A direct comparative 

analysis with modern machine-learning algorithms such as ANN, random forest, and XGBoost was beyond the scope of the present 

study and should be addressed in future investigations. 
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This study develops and evaluates a Group Method of Data Handling (GMDH)–based 

polynomial model to estimate the internal friction angle (𝜙) of soils from in-situ 

measurements. The modeling framework uses 318 data sets compiled from multiple 

geographic regions, thereby capturing broad variability in depositional history and soil 

fabric. Predictor variables comprise the Standard Penetration Test (SPT) blow count (𝑁) 

together with seven influential in-situ/geotechnical parameters: effective overburden 

stress, fines content, Atterberg limits, water content, dry unit weight, and particle-size 

descriptors, including the percentage passing the No. 4 sieve. The GMDH algorithm 

automatically selects structure and coefficients, yielding an interpretable polynomial 

network that balances accuracy and parsimony. Model performance was assessed using 

standard statistical indicators and external verification procedures, and input significance 

was examined through sensitivity analysis to quantify the relative contribution of each 

parameter. Results demonstrate that the proposed model attains high predictive accuracy 

for 𝜙 across the heterogeneous, globally sourced database, underscoring its robustness to 

site-specific biases. Given its reliance on commonly available field and laboratory indices, 

the approach offers a practical and powerful tool for preliminary design and data-driven 

characterization of shear strength parameters where direct shear or triaxial testing is 

limited. Overall, the findings support GMDH as an effective methodology for identifying 

reliable empirical relationships between 𝜙 and routinely measured soil properties. 
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1. Introduction 

Standard Penetration Test (SPT) is extensively employed in geotechnical research and exploration projects to quickly and cost-

effectively assess the mechanical characteristics of soil layers. In this test, a 76 mm borehole is drilled, and at specified intervals, a 

split spoon sampler with a diameter of 50.5 mm is lowered into the borehole and impacted. The number of blows to penetrate 450 

mm is registered. The number of blows in the first 150 mm is neglected because of the material disturbance during the drilling 

process. The SPT 𝑁 value is therefore the number of blows required to penetrate 300 mm [1]. It should be noted that the results of 

SPT in granular soils have a limited application. For example, coarse grains of sand and rubble do not enter the SPT sampler, and 

the obtained blows will not be acceptable. The other limitation of SPT is that it does not provide an index of cohesion due to 

cementation of granular soils. SPT provides a suitable sample for performing soil-related laboratory tests. SPT 𝑁 value and soil 

engineering behavior can be related through local correlations, as well as extensive empirical relationships.  
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Identification of soil properties plays an important role in geotechnical engineering, such as soil classification, quantitative and 

qualitative expression of soil, and estimation of soil behavior during swelling or settlement. The laboratory and field techniques 

reveal the true value of soil features such as the internal friction angle (𝜙) and cohesion (𝐶). Standard Penetration Test (SPT) and 

Cone Penetration Test (CPT) are two examples of in-situ tests that are favored for direct determination of the internal friction angle 

of soil due to the challenges associated with soil collection and the high prices of representative undisturbed samples [2-5]. 

SPT has three advantages over CPT: 

1. SPT supplies a sample of the soil in which the experiment was conducted and, hence, determines the general categorization 

of the soil, while CPT only has a cone tip and is not capable of doing this. In these situations, soil classification can be 

determined only based on the correlation between experiment results or by using the findings from adjacent pits and 

boreholes. 

2. In geotechnical investigation projects, SPT is often carried out during drilling boreholes. As a result, it does not add any 

more costs to the design. 

3. The SPT's patented equipment isn't very extensive, and almost all of the test tools are also utilized for drilling. CPT, 

however, frequently needs expensive proprietary equipment [6-8]. 

Because determining soil shear strength parameters − particularly in depth − is both costly and time-consuming, it is essential to 

develop models that can easily forecast these characteristics [9]. Therefore, a reliable correlation based on commonly available SPT 

and soil index data can provide a practical preliminary estimate of the internal friction angle when direct laboratory shear strength 

tests are limited. Such estimates may also be useful in seismic geotechnical applications, where preliminary evaluation of bearing 

capacity and soil-micropile interaction in liquefiable sandy deposits is required. In the literature, various modeling techniques based 

on multivariate regression and pattern recognition have been reported for system identification. Some of these include genetic 

algorithms, artificial neural networks, neuro-fuzzy systems, and polynomial classifiers. These techniques employ learning 

paradigms to assess the system parameters. 

When simulating a highly nonlinear system, the application of polynomial classifiers becomes problematic in terms of processing 

and storage perspectives. Besides, the requirement for high-order polynomials may lead to numerical instability. The Group Method 

of Data Handling (GMDH) method was then presented. A multilayered second-order polynomial network called GMDH is 

organized according to a training scenario. 

Without prior knowledge of the process, this technique can be applied to model and analyze complex and specific systems where 

there is an unknown relationship between variables. Recently, GMDH has been successfully used in geotechnical engineering thanks 

to the utilization of such self-organizing networks [10-16]. 

GMDH has been used by researchers in geotechnical engineering for different purposes. For example, Naeini et al. [17] predicted 

the subgrade reaction modulus (𝐾𝑠) of clayey soil through GMDH. They found that 𝐾𝑠 obtained by Plate Load Test (PLT) and 

GMDH-based equations were in excellent agreement. Moreover, the suggested GMDH model's soil liquid limit (𝐿𝐿) was the 

strongest factor for forecasting 𝐾𝑠. 

Jahed Armaghani et al. [18] used GMDH for the prediction of rock deformation. They concluded that GMDH is a strong and 

reliable method for predicting rock deformation. Ardakani and Kordnaeij [19] applied GMDH for the prediction of soil compaction 

parameters. The results demonstrated that GMDH is very good at forecasting soil compaction parameters. Additionally, they 

discovered that the parameters that have the most influence on soil compaction are 𝐿𝐿 and 𝑃𝐿 (soil plastic limit). Kim et al. [5] 

utilized GMDH for the prediction of undrained shear strength of soil. They found that GMDH is an efficient approach in achieving 

a new empirical mathematical model to provide an appropriate prediction of the undrained shear strength of soils. MolaAbasi et al. 

[20] used GMDH to forecast the behavior of cement-treated sands. They strongly recommended GMDH as a potent approach to 

assess the mechanical properties of soil such as stiffness, failure strain, and brittle index. Related studies on treated/reinforced soils 

and data-driven prediction approaches in civil engineering have also been reported by Ghadakpour et al. [21], Ghadakpour et al. 

[22], Kutanaei Saman et al. [23], Nematzadeh et al. [24], and Memarzadeh et al. [25], which provide useful background for the 

present research. 

The purpose for the creation and development of an GMDH artificial neural network in this study is to estimate the internal 

friction angle, taking into account different soil parameters such as the number of modified blows for the hammer energy ratio of 

70% (𝑁70
′ ), effective overburden stress (𝜎𝑣

′), fine content (𝐹𝐶 or 𝐹200), 𝐿𝐿, 𝑃𝐼 (plasticity index), water content (𝑤), dry unit weight 

(𝛾𝑑), the soil particle diameter below which 10, 30, 50, and 60% of the particles are smaller than this size (𝐷10, 𝐷30, 𝐷50, 𝐷60) and 

the percentage passing sieve No. 4 (𝐹4). The reason for choosing these parameters is based on their effect on the strength and stability 

of the soil. Some input variables, particularly 𝐿𝐿, 𝑃𝐼, fines content, and water content, may be interrelated. However, in the GMDH 

framework, the final polynomial structure is selected based on predictive performance, and the sensitivity analysis provides 

additional insight into the relative contribution of each parameter. The possible influence of multicollinearity has therefore been 

acknowledged as a factor that should be considered when interpreting the model. Some of the selected geotechnical input variables 

may show statistical dependency because soil index properties are often interrelated. For example, fines content, Atterberg limits, 

water content, and particle-size distribution parameters can be partially correlated depending on soil type and depositional 

conditions. Therefore, the final GMDH model and the sensitivity analysis results were interpreted with consideration of possible 

multicollinearity among the input variables. The selected parameters were retained because they are commonly available in 
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geotechnical investigations and represent different aspects of soil behavior, including penetration resistance, stress condition, 

plasticity, density, water content, and gradation. These parameters were selected because they represent penetration resistance, stress 

condition, plasticity, density, water content, and particle-size distribution, which are directly or indirectly related to the shear strength 

behavior of soils. In this regard, at first, the previous studies about the correlation between 𝜙 and other soil parameters were 

presented. Then, the modeling method with GMDH was described. Finally, the accuracy of the GMDH model was evaluated using 

sensitivity analysis. It should be mentioned that several methods have been proposed for the determination of the modified standard 

penetration number. In this research, the Bowles method was used for this purpose because in the Bowles method, 70% of the energy 

is transmitted to the sampler considering the advanced equipment of SPT [26]. 

2. Review of previously proposed correlations and the novelty of this research 

A series of studies about the application of the standard penetration blow counts for assessing the internal friction angle of soil 

are presented in this section. So far, numerous empirical relationships between the internal friction angle of the soil, the results of 

SPT, and other soil parameters have been presented in various scientific investigations. Table 1 presents a summary of previous 

investigations and empirical correlations between internal friction angle, standard penetration number, and other parameters. 

Table 1. Correlation between SPT number, soil parameters, and internal friction angle. 

Row Researchers Proposed correlation Remark 

1 Dunham [27] 

𝜙𝑑 = (12𝑁)0.5 + 25  Angular and well-graded soil particles 

𝜙𝑑 = (12𝑁)0.5 + 15  Round and uniform-graded soil particles 

𝜙𝑑 = (12𝑁)0.5 + 20  
Round and well-graded or angular and uniform-

graded soil particles 

2 Peck et al. [28] 𝜙𝑑 = 53.881 − 27.6034exp(0.0147𝑁60)  — 

3 Shioi and Fukui [29] 

𝜙 = √18𝑁70
′ + 15  Roads 

𝜙 = 0.36𝑁70
′ + 27  Bridges 

𝜙 = 0.45𝑁70
′ + 20  Buildings 

4 Wolff [30] 𝜙 = 27.1 + 0.3𝑁60 − 0.00054𝑁60
2  — 

5 Kulhawy and Mayne [31] 𝜙 = tan−1 (𝑁60(12.2 + 20.3(𝜎′ 𝑝𝑎⁄ )))
0.34

 Sandy soils 

6 Japan Road Association [32] 𝜙𝑑 = (15𝑁)0.5 + 15 𝑁 > 5 & 𝜙𝑑 < 45° 

7 Hatanaka and Uchida [33] 𝜙𝑑 = (20𝑁1)0.5 + 20  — 

8 Zekkos et al. [34] 𝜙′ = 3.5√𝑁1,60 + 15 + 22.3 ± ε  — 

9 Hettiarachchi and Brown [35] 𝜙′ = 𝛽′ 𝑡𝑎𝑛−1 (
0.2𝑁60

𝐾(𝜎′ 𝑝𝑎⁄ )
− 0.68𝐵)  Sandy soils 

10 Esmaeilzadeh et al. [36] 
𝜙 = 0.66𝑁70

′ + 8.52  
Sandy soils 

𝜙 = 13.56 ln 𝑁70
′ − 18.20  

11 Mahmoud [3] 𝜙 = 0.209𝑁" + 19.68  Silty clay with sand 

12 Shooshpasha et al. [37] 
𝜙′ = −3.574 − 0.183𝐹𝐶 + 1.346𝑌1 +

0.00111𝐹𝐶2 − 0.0056𝑌1
2 + 0.00127𝑌1𝐹𝐶  

Granular soils 

13 Salari et al. [38] 
𝜙 = 0.474𝑁 + 16.188  Granular soil (GW) 

𝜙 = 0.3556𝑁 + 20.703  Granular soil (GC) 

14 Mujtaba et al. [39] 𝜙 = 0.7𝑁60 + 18  — 

15 Kasim and Raheem [40] 𝜙 = 0.8531𝑁 + 0.1581  — 

16 Dalai and Patra [41] 𝜙 = 8.103𝑁0.458  Cohesionless soil 

Compared with previous studies, the novelties of the current research are its simultaneous treatment of both fine- and coarse-

grained soils, ensuring applicability across common engineering materials; the compilation of a globally sourced database (318 data 

sets) that captures wide variability in depositional and stress histories; the implementation of a two-hidden-layer GMDH architecture 

that improves representational capacity while retaining interpretability of the polynomial network; and the targeted use of seven 

routinely measured geotechnical predictors, which collectively elevate prediction accuracy for the internal friction angle. Together, 

these advances deliver a robust, data-driven correlation that is practical for preliminary design where direct shear or triaxial testing 

is constrained, yet rigorous enough to generalize across diverse sites and soil types. Although modern machine-learning models 

such as random forest, XGBoost, support vector regression, and artificial neural networks may also be used for this prediction task, 

the present study focused on GMDH because it provides an explicit and interpretable polynomial equation that can be readily used 

in preliminary geotechnical design. A detailed comparison with other machine-learning algorithms is recommended for future 

studies. 

3. The data and case histories 

The data of this study were collected from the results of geotechnical tests in different parts of Iran and other countries of the 

world, including 42 sites and 318 geotechnical data sets. These tests include in-situ and laboratory tests on samples taken from the 

boreholes. The data collected from the databases are derived from the usual reports of geotechnical studies by prominent and 
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reputable consulting engineers. Fig. 1 shows the geographical range of data on the world map. The database was compiled from 

different geographical regions and therefore includes variability in depositional history and geological conditions. Nevertheless, 

regional data imbalance may influence the fitted correlation; therefore, the model should be interpreted as a global preliminary 

correlation rather than a region-specific design equation. The collected database includes soil records from different geological 

conditions and covers a broad range of SPT resistance, effective stress levels, soil index properties, and particle-size distributions. 

These variations help improve the representativeness of the data and support the generalization capability of the proposed correlation 

within the range of the database. 

 
Fig. 1. Geographical distribution of the data on the world map. 

It should also be emphasized that many consulting engineers in Iran have used safety hammers in the SPT, and the standard 

penetration sampler has no inner tube [12]. The data collected from the SPT have relatively similar drilling method and the hammer 

type. The collected database covers a wide range of SPT values, fines contents, unit weights, water contents, Atterberg limits, 

particle-size indices, and measured internal friction angles, which supports the development of a preliminary predictive correlation. 

Furthermore, direct shear test was carried out in the laboratory for determination of the shear strength parameters. Table 2 presents 

some of the data collected in this research, which are the results of reports by trusted geotechnical consultants. 

To provide a clearer overview of the database, a statistical summary of the sample data presented in Table 2 is provided in Table 

3. As shown in Table 3, the sample data cover a relatively wide range of corrected SPT values, fines contents, unit weights, water 

contents, Atterberg limits, particle-size indices, and measured internal friction angles. Therefore, the proposed correlation should 

be applied with consideration of the range of variables represented in the database. The proposed GMDH correlation should be 

applied with consideration of the range of input variables represented in the database summarized in Table 3. Predictions made 

outside these ranges should be considered extrapolations and may not provide reliable estimates for practical geotechnical design. 

The proposed model was developed using a database containing different soil categories; however, its application should remain 

within the range of soil types represented in the database. For practical use, the model should be applied with caution to soil 

categories or geological conditions that are not well represented in the collected data. 

4. Description of modeling using GMDH 

GMDH is a supervised machine learning tool that was suggested by [42, 43]. This tool is able to automatically synthesize the 

models. Moreover, it includes several processes such as planting, breeding, duplicating, and selecting or rejecting input variables, 

setting the model structure and its parameters, and the selection of the model based on the termination principle [42, 44]. 

With the help of the self-organizing GMDH algorithm, sophisticated models can be created by evaluating how well they perform 

on a set of multi-input, single-output data pairs (𝑥𝑖 , 𝑦𝑖) (𝑖 = 1, 2, … , 𝑀). The fundamental concept of GMDH is the creation of an 

analytical function in a progressive network according to a second-order transmission function, the coefficients of which are 

acquired by regression analysis [45]. 

Flexible structure is one of the characteristics of the GMDH network, which can be combined with repetitive and evolutionary 

algorithms such as back-propagation, genetic programming, particle group optimization, and genetic algorithm [13, 46-52]. 

Using GMDH, a model can be described as a group of neurons connected in different pairs in each layer by a second-order 

polynomial. As a result, in the following layer, new neurons are produced. For plotting inputs to outputs, this representation can be 

utilized. The important point is the challenge of finding a function (𝑓), which can be used roughly instead of observations of the 𝑓. 

A successful prediction should have an output (𝑦) that is as close as possible to the observed output (𝑦′) for a given input vector 

𝑋 = (𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑛). 

Hence, according to 𝑀 observations, a multi-input and single-output data set is obtained as Eq. 1. 
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𝑦𝑖 = 𝑓(𝑥𝑖1 , 𝑥𝑖2, 𝑥𝑖3, … , 𝑥𝑖𝑛) (𝑖 = 1, 2, 3, … , 𝑀)  (1) 

 

Table 2. A sample of the database extracted from 318 data sets. 

𝑵𝟕𝟎
′   𝝈𝒗

′  (𝐤𝐠 𝐦𝟐⁄ )  𝑭𝟐𝟎𝟎 (%)  𝑭𝟒 (%)  𝜸𝒅 (𝐤𝐠 𝐦𝟑⁄ )  𝒘 (%)  𝑷𝑰 (%)  𝑳𝑳 (%)  𝑫𝟏𝟎 (𝐦𝐦)  𝑫𝟑𝟎 (𝐦𝐦)  𝑫𝟓𝟎 (𝐦𝐦)  𝑫𝟔𝟎 (𝐦𝐦)  𝝓 (°)  

5 3381 17.4 99.8 1550 26.30 0 0 0 0.18 0.26 0.35 32.0 

3 4415 55 0 1440 32.00 10.00 29.00 0 0.01 0.052 0.08 31.0 

12 5925 1 100 1490 23.31 0 0 0.111 0.172 0.212 0.235 27.8 

49 5730 95 100 1620 18.00 30.00 31.50 0.003 0.02 0.05 0.12 24.0 

58 6300 89 100 1890 16.90 15.00 35.00 0 0.006 0.018 0.025 20.1 

11 2250 38.1 97 1370 24.50 0 0 0 0 0.14 0.18 33.0 

18 14000 91 96 1700 14.00 15.00 32.00 0 0.005 0.018 0.033 5.0 

19 7350 5.8 87 1700 2.00 0 0 0.12 0.6 1.6 2.1 35.0 

14 1920 95 0 1510 25.70 26.00 51.00 0 0.0063 0.015 0.026 11.0 

7 4936 29 97 1670 19.00 23.00 49.00 0 0.14 0.25 0.8 0.0 

40 15600 92 100 1730 14.00 21.00 42.70 0 0.06 0.08 0.09 6.9 

6 5730 95 0 1470 30.40 18.00 39.00 0 0.0015 0.005 0.008 3.0 

6 30240 85 100 1830 23.91 33.00 57.00 0 0 0.002 0.004 13.0 

7 7920 35 64 1600 14.00 9.00 28.00 0.008 0.06 0.9 2.833 21.0 

6 19700 100 100 1630 26.00 11.00 34.00 0 0.005 0.0095 0.013 4.0 

21 10192 89 99.5 1710 11.00 14.00 23.50 0 0.003 0.005 0.02 28.0 

4 3800 95.5 100 1110 49.34 20.00 56.00 0 0 0.00 0.00 22.9 

3 3534 4.6 99.9 1000 51.06 0 0 0.09 0.16 0.22 0.25 36.5 

22 6152 7 87.5 1800 3.50 0 0 0.13 0.7 1.5 1.8 33.0 

21 17820 24 49 1720 10.50 12.00 29.00 0.05 0.271 5 8.158 25.0 

9 6000 95 98 1660 25.00 15.00 33.00 0 0.004 0.009 0.014 5.0 

4 8700 63 88 1490 27.00 10.00 23.00 0.006 0.046 0.06 0.072 16.0 

13 3652 0.3 100 1600 19.85 0 0 0.12 0.177 0.217 0.237 30.6 

12 13790 95 100 1660 20.00 15.50 35.00 0 0.005 0.015 0.022 19.0 

7 2995 92 100 1250 39.25 0 0 0 0 0.00 0.00 15.8 

7 3900 86 0 1580 23.00 11.00 33.00 0 0.003 0.0085 0.015 7.0 

16 5610 62 86 1590 17.00 6.00 26.00 0.006 0.037 0.07 1.496 7.0 

13 10781 50 100 1460 30.00 29.00 59.00 0 0 0.16 0.3 0.0 

12 10440 99 100 1660 25.00 13.00 32.00 0 0.004 0.0085 0.014 14.0 

20 3748 0.1 100 1630 20.89 0 0 0.126 0.18 0.219 0.238 29.8 

5 13890 58 79 1590 26.00 5.00 23.00 0.005 0.047 0.065 0.14 15.0 

7 8510 86 0 1560 19.00 30.00 50.00 0 0 0.0013 0.0023 29.0 

 

Table 3. Statistical summary of the sample database values presented in Table 2. 

Variable Symbol Unit Minimum Maximum Mean Standard deviation 

Corrected SPT blow count 𝑁70
′   - 3.00 58.00 14.28 12.91 

Effective overburden 
stress 

𝜎𝑣
′  kg/m² 1920.00 30240.00 8403.47 6130.41 

Fines content 𝐹200/𝐹𝐶  % 0.10 100.00 60.31 36.78 

Passing sieve No. 4 𝐹4  % 0.00 100.00 78.99 36.33 

Dry unit weight 𝛾𝑑  kg/m³ 1000.00 1890.00 1570.94 188.87 

Water content 𝑤  % 2.00 51.06 22.73 10.64 

Plasticity index 𝑃𝐼  % 0.00 33.00 12.23 10.35 

Liquid limit 𝐿𝐿  % 0.00 59.00 26.58 19.41 

Particle size at 10% finer 𝐷10  mm 0.00 0.13 0.02 0.05 

Particle size at 30% finer 𝐷30 mm 0.00 0.70 0.09 0.17 

Particle size at 50% finer 𝐷50 mm 0.00 5.00 0.35 0.94 

Particle size at 60% finer 𝐷60 mm 0.00 8.16 0.62 1.54 

Internal friction angle 𝜙 Degree 0.00 36.50 18.76 11.43 
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Then, GMDH should be trained to forecast output values (𝑦̂𝑖) for each given input vector 𝑋 = (𝑥𝑖1, 𝑥𝑖2, 𝑥𝑖3, … , 𝑥𝑖𝑛) as shown in 

Eq. 2. 

𝑦̂𝑖 = 𝑓(𝑥𝑖1 , 𝑥𝑖2, 𝑥𝑖3, … , 𝑥𝑖𝑛) (𝑖 = 1, 2, 3, … , 𝑀)  (2) 

A reference, a general relationship between the input and output variables, is created by GMDH in the form of a mathematical 

description. Finding the GMDH network that minimizes the square of the differences between the actual and anticipated outputs is 

now the key challenge, that is shown in Eq. 3. 

∑ [𝑓(𝑥𝑖1, 𝑥𝑖2 , 𝑥𝑖3, … , 𝑥𝑖𝑛) − 𝑦𝑖]
2𝑀

𝑖=1 → 𝑚𝑖𝑛  (3) 

A sophisticated discrete form of the Volterra function can be used to express the general relationship between input and output 

variables. Eq. 4 represents a series of this function, which is referred to as Kolmogorov-Gabor polynomials [35, 36, 42, 47]. 

𝑦 =  𝑎0 + ∑ 𝑎𝑖
𝑛
𝑖=1 𝑥𝑖 + ∑ ∑ 𝑎𝑖𝑗𝑥𝑖𝑥𝑗

𝑛
𝑗=1

𝑛
𝑖=1 + ∑ ∑ ∑ 𝑎𝑖𝑗𝑘𝑥𝑖𝑥𝑗𝑥𝑘

𝑛
𝑘=1

𝑛
𝑗=1

𝑛
𝑖=1 + ⋯  (4) 

In this investigation, the second-order polynomial in the GMDH network is applied as shown in Eq. 5. 

Quadratic:  𝑦̂ = 𝐺(𝑥𝑖 , 𝑥𝑗) = 𝑎0 + 𝑎1𝑥𝑖 + 𝑎2𝑥𝑗 + 𝑎3𝑥𝑖𝑥𝑗 + 𝑎4𝑥𝑖
2 + 𝑎5𝑥𝑗

2  (5) 

Therefore, to establish the general mathematical relationship between outputs and inputs in Eq. 4, a partial second-order 

polynomial is applied in a network of connected neurons during a back calculation method. Regression methods are used to derive 

the coefficients ai in Eq. 5 so that for each pair of 𝑥𝑖, 𝑦𝑖 as input variables, the difference between the observed (𝑦) and the calculated 

(𝑦̂) output is minimized. 

The second-order form provided in Eq. 5 is typically used to create polynomial trees, and the least squares approach is applied 

to achieve the coefficients. In order to fit the output in the entire set of input-output data pairs, the coefficients of each 𝐺𝑖 quadratic 

function are generated as shown in Eq. 6. 

𝐸 =
∑ (𝑦𝑖−𝐺𝑖(  ))2𝑀

𝑖=1

𝑀
→ 𝑚𝑖𝑛  (6) 

The regression polynomial in the form of Eq. 5 that best fits the dependent observations (𝑦𝑖 = 1, 2, … , 𝑀) in least squares is 

established using the GMDH by taking into account all potential combinations of two independent variables out of the total input 

variables (𝑛). 

In the first hidden layer of the predictor network of observations {(𝑦𝑖 , 𝑥𝑖𝑝, 𝑥𝑖𝑞); (𝑖 = 1, 2, … , 𝑀)} for various 𝑝, 𝑞 ∈ {1, 2, … , 𝑛} 

will therefore (
𝑛
2

) =
𝑛(𝑛−1)

2
 neurons be formed. As a result, it is currently possible to establish 𝑀 data triples 

{(𝑦𝑖 , 𝑥𝑖𝑝 , 𝑥𝑖𝑞); (𝑖 = 1, 2, … 𝑀)} from observations through 𝑝, 𝑞 ∈ {1, 2, … , 𝑛}, as shown in Eq. 7. 

[

𝑥1𝑝 𝑥1𝑞 𝑦1

𝑥2𝑝 𝑥2𝑞 𝑦2

𝑥𝑀𝑝 𝑥𝑀𝑞 𝑦𝑀

]  (7) 

The following matrix equation can be utilized with the employment of the quadratic equation (Eq. 5) for each row of 𝑀 (Eq. 8). 

𝐴𝑎 = 𝑌  (8a) 

𝑎 = {𝑎0,𝑎1, 𝑎2, 𝑎3, 𝑎4, 𝑎5}  (8b) 

𝑌 = {𝑦1 , 𝑦2, 𝑦3 , … , 𝑦𝑀}𝑇  (8c) 

where 𝑌 denotes a vector of the output values of the observations and 𝑎 is a vector of unidentified coefficients for a quadratic 

polynomial in Eq. 5. Eq. 9 can be discovered as follows: 

𝐴 = [

1 𝑥1𝑝 𝑥1𝑞

1 𝑥2𝑝 𝑥2𝑞

1 𝑥𝑀𝑝 𝑥𝑀𝑞

𝑥1𝑝𝑥1𝑞 𝑥1𝑝
2 𝑥1𝑞

2

𝑥2𝑝𝑥2𝑞 𝑥2𝑝
2 𝑥2𝑞

2

𝑥𝑀𝑝𝑥𝑀𝑞 𝑥𝑀𝑝
2 𝑥𝑀𝑞

2

]  (9) 

When performing a multiple regression analysis, the normal equations are solved using the least squares method (Eq. 10). 

𝑎 = (𝐴𝑇𝐴)−1𝐴𝑇𝑌  (11) 

The vector of the best coefficients from Eq. 5 is determined for the entire set of 𝑀, by Eq. 11. It must be clarified that, in 

accordance with the connection topology of the network, this process is repeated for each neuron in the subsequent hidden layer. 
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However, a solution derived directly from normal equations is more prone to round-off errors and, more critically, to the singularity 

of these equations [53]. In a GMDH algorithm, there are six coefficients per estimated model. The coefficients are determined by 

regular least squares estimation [54]. The flowchart of the GMDH algorithm has been depicted in Fig. 2. 

 
Fig. 2. Flowchart of GMDH algorithm. 

5. New proposed model 

Training and testing data are separated into two groups in the database. The data trained in the mentioned neural network include 

200 input-output data pairs. The complete database was divided into training, testing, and validation subsets, and the validation 

subset was used only for the external evaluation of the final proposed model. Testing data include 86 input-output data which have 

not been applied in the prediction training cycle and are only trained to test GMDH models. It is necessary to mention that the 

selection of training and testing data sets is random, and these data sets have almost identical statistical characteristics. The training 

and testing subsets were selected randomly with comparable statistical characteristics. To further improve robustness assessment, 

future work may apply k-fold cross-validation or repeated random subsampling using larger extended databases. 

Fig. 3 depicts the performance of model prediction versus observed data for the training and testing data sets. As observed, the 

predicted and measured values from the training and testing sets are not significantly different. The main trends obtained from the 

model are generally consistent with established geotechnical understanding. An increase in corrected SPT resistance usually reflects 

denser or stronger soil conditions and is therefore expected to be associated with a higher internal friction angle. In contrast, higher 

plasticity and fines-related characteristics may reduce the frictional component of shear strength. The influence of effective 

overburden stress should be interpreted carefully, as it may also depend on soil fabric, depositional history, and stress history. 

 
Fig. 3. Comparison between empirical and predicted values of 𝝓 for training and testing sets. 
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The developed architecture of GMDH for this research is shown in Fig. 4. 

 
Fig. 4. The evolved architecture of a generalized GMDH for internal friction angle. 

Such a model for the internal friction angle has a polynomial representation that is shown in Eq. 12. 

𝜙 = −2.350050 + 0.005795𝑦5 + 0.957297 𝑦6 − 0.005976 𝑦5
2 − 0.024938𝑦6

2 + 0.037769𝑦5𝑦6  (12a) 

𝑦1 = 0.0828 + 0.018199𝑁70
′ + 1.303645𝛾𝑑 − 0.000001𝑁70

′ 2
− 0.019810𝛾𝑑

2 − 0.000578𝑁70
′ 𝛾𝑑  (12b) 

𝑦2 = 29.565296 − 0.571619𝑃𝐼 + 0.018102𝐷60 + 0.006224𝑃𝐼2 − 0.000011𝐷60
2 + 0.000480𝑃𝐼𝐷60  (12c) 

𝑦3 = 62.153586 − 62.908345𝐿𝐿 + 58.309302𝜎𝑣
′ + 22.280136𝐿𝐿2 − 23.030937𝜎𝑣

′2
+ 13.101200𝐿𝐿𝜎𝑣

′   (12d) 

𝑦4 = 73.990484 − 73.453004𝜎𝑣
′ + 26.393534𝐹4 + 29.256098𝜎𝑣

′ 2
+ 24.005152𝐹4

2 − 40.105051𝜎𝑣
′𝐹4  (12e) 

𝑦5 = 4.011870 − 0.578298𝑦1 + 1.302297𝑦2 + 0.008694𝑦1
2 − 0.007880𝑦2

2 + 0.003496𝑦1𝑦2  (12f) 

𝑦6 = −39.569747 + 4.094071𝑦3 − 0.178640𝑦4 − 0.028284𝑦3
2 + 0.048508𝑦4

2 − 0.070782𝑦3𝑦4  (12g) 

The accuracy of the statistical evaluation of this model is determined through MSE (mean squared error), RMSE (root mean 

square error), R2 (coefficient of determination) and MAD (mean absolute deviation) according to the following relationships: 

R2 = 1 − [
∑ (𝑌𝑖(𝑀𝑜𝑑𝑒𝑙)−𝑌𝑖(𝐴𝑐𝑡𝑢𝑎𝑙))

2𝑀
𝑖=0

∑ (𝑌𝑖(𝐴𝑐𝑡𝑢𝑎𝑙))
2𝑀

𝑖=1

]  (13) 

MSE = [
∑ (𝑌𝑖(𝑀𝑜𝑑𝑒𝑙)−𝑌𝑖(𝐴𝑐𝑡𝑢𝑎𝑙))

2𝑀
𝑖=0

𝑀
]  (14) 

MAD = [
|∑ (𝑌𝑖(𝑀𝑜𝑑𝑒𝑙)−𝑌𝑖(𝐴𝑐𝑡𝑢𝑎𝑙))𝑀

𝑖=0 |

𝑀
]  (15) 

RMSE = [
∑ (𝑌𝑖(𝑀𝑜𝑑𝑒𝑙)−𝑌𝑖(𝐴𝑐𝑡𝑢𝑎𝑙))

2𝑀
𝑖=0

𝑀
]

1

2

  (16) 

In Eq. 12, 𝑁70
′  is the corrected SPT blow count, 𝜎𝑣

′  is the effective overburden stress, 𝛾𝑑 is the dry unit weight, 𝐿𝐿 is the liquid 

limit, 𝑃𝐼 is the plasticity index, 𝐷60 is the particle size corresponding to 60% finer, 𝐹4 is the percentage passing sieve No. 4, and 𝑦1 

to 𝑦6 are intermediate variables generated by the GMDH network.  Table 4 presents the values of these parameters in the current 

study: 

Table 4. Statistical information of the model. 

Set 𝐑𝟐 RMSE MAD MSE 

Training 0.99 6.52 3.95 42.55 

Testing 0.98 6.43 3.74 41.32 

RMSE and MAD are reported in degrees, while MSE is reported in squared degrees. All error indices were calculated from the 

difference between the measured and predicted internal friction angles. The reported RMSE values were checked to ensure 

consistency with the corresponding MSE values. When GMDH is being designed, it should be remembered that in each layer of the 

network, the neurons' polynomials are all similar to each other and the network is designed based on similar processes [55]. The 

optimal performance of the polynomial model for the prediction of a set of data is carried out based on the statistical evaluation of 

the training and testing data sets (according to Table 4). 
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6. Validation and sensitivity analysis 

The suggested model's validity and accuracy in predicting 𝜙 were compared with the correlations previously proposed by some 

researchers [3, 28-30, 33, 36, 38]. This comparison was performed for all data items considered for validation purposes in this 

section. This set of data is separate from the testing and training data set. Fig. 5 demonstrates the dispersion chart for the measured 

and predicted values of 𝜙. It should be noted that the sensitivity analysis represents the relative influence of the input variables 

within the developed GMDH model and does not necessarily indicate direct causal relationships. Because some geotechnical 

variables may be correlated, the apparent importance of one parameter may partly reflect its interaction or dependency with other 

input variables. 

 
Fig. 5. Comparison of predicted and measured values of internal friction angle presented by different researchers. 

The dispersion chart is a useful way to show the relationship between the data. This chart shows cases that have a positive and 

strong impact on the regression line. In other words, it indicates the cases in which the data are far from the range or focused. Also, 

a curve or any non-linear relationship can be deduced from this chart. As seen, some researchers have predicted the values of soil 

internal friction angle higher or lower than the measured values. The GMDH model in the present study predicts the internal friction 

angle with high precision. The analysis of the overall trend of points shows that there is a linear and positive relationship between 

variables. In addition, the focused points around the regression line are relatively good, and there is no deviation between the points. 

Although the present study reports deterministic prediction indices, the scatter of measured and predicted values provides a 

preliminary indication of prediction uncertainty. Future studies may further enhance the reliability of the proposed model by 

developing prediction intervals or confidence bounds for practical design applications.  Sensitivity analysis in this study was 

performed in a similar method with partial derivatives [54]. The basis of this analysis is the partial derivative of the output of 𝑌𝑗 for 

the input 𝑥𝑖 which represents a mathematical definition that reflects the sensitivity of 𝑌𝑗 to 𝑥𝑖 [56].As a result, a function has a 

stronger sensitivity to a specific input variable, which causes a greater proportion of its partial derivative to be related to that variable. 

Also, the impact of input changes on the final output values of a network can be expressed using this method. For example, if the 

partial derivative value of a variable is positive at a particular point, consequently, a small increase in the input variable will result 

in a rise in the network's output. Additionally, the model's sensitivity analysis can be utilized to determine how input parameters 

affect the model's output. This mechanism involves changing each input neuron individually at a steady rate while maintaining other 

factors constant. Constant variables with the rates of −0.1, 0.05, 0, +0.05 and +0.1 were selected for the present research. The 

percentage change in the output for each input neuron is seen as a result of the input neuron's change. The sensitivity of each input 

neuron is found using Eq. 17 [57]: 
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Sensitivity level of 𝑋 (%) =
1

𝑀
∑ (

% 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑂𝑢𝑡𝑝𝑢𝑡

% 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐼𝑛𝑝𝑢𝑡
)

𝑗
× 100𝑀

𝑗=1   (17) 

Fig. 6 depicts the results of the model's sensitivity analysis. It is clear that 𝜙 is significantly affected by 𝑁70
′ . Also, 𝐿𝐿 has the 

least effect on the value of internal friction angle. The dominant influence of 𝑁70
′  is reasonable from a geotechnical perspective 

because it directly reflects penetration resistance, relative density/consistency, and the in-situ strength condition of soil. In contrast, 

parameters such as 𝐿𝐿 and 𝑃𝐼 describe plasticity characteristics and may influence the friction angle more indirectly through soil 

fabric, fines content, and water-soil interaction. 

 
Fig. 6. Comparison of predicted and measured values of internal friction angle presented by different researchers. 

7. Summary and conclusions 

This research presents a new approach for predicting internal friction angle according to SPT results and geotechnical properties 

of soil. In order to achieve the proposed model for the internal friction angle in the current research, the developed GMDH neural 

network has been employed. Moreover, a polynomial mathematical model was proposed for the internal friction angle of the soil 

based on seven parameters including 𝑁70
′ , 𝐿𝐿, 𝑃𝐼, 𝛾𝑑, 𝜎𝑣

′ , 𝐷60 and 𝐹4. The new proposed model was compared with the results of 

other researchers, and its validation was evaluated. The main trends obtained from the model are generally consistent with 

established geotechnical understanding. An increase in corrected SPT resistance usually reflects denser or stronger soil conditions 

and is therefore expected to be associated with a higher internal friction angle. In contrast, higher plasticity and fines-related 

characteristics may reduce the frictional component of shear strength. The influence of effective overburden stress should be 

interpreted carefully, as it may also depend on soil fabric, depositional history, and stress history. The results show that the prediction 

of 𝜙 has low variance and high accuracy. The model's sensitivity analysis was also performed to examine the impact of the input 

parameters on the model's output. The results of the sensitivity analysis showed the effectiveness of input parameters for the initial 

prediction of internal friction angle and also reflected the fact that the geotechnical properties of the soil play an important role in 

the prediction of 𝜙. It was found that 𝜙 was significantly influenced by 𝑁70
′  and also it decreases with increasing 𝑃𝐼, 𝐹4 and 𝐿𝐿. In 

other words, the internal friction angle has the highest and lowest dependency on 𝑁70
′  and 𝐿𝐿, respectively. Therefore, the proposed 

GMDH-based correlation can be considered a practical preliminary estimation tool for geotechnical applications, provided that it is 

used within the range of soil conditions represented in the database. Future research may extend the proposed GMDH framework 

to post-liquefaction soil-property estimation and to the seismic performance assessment of micropile foundations in liquefiable 

sandy deposits. 
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      𝜃  v ¯  ( z ) =     𝜃  v ¯  (   z  0 , h ) +   P  t  r     𝜃 ∗  k  [   L  n   z    z  0 , h −   𝜓 h ]
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  f


    x 0 ,   y 0


  f  ( x , y ) ≈   f 0 +   𝜕   f 0  𝜕 x 𝛥 x +   𝜕   f 0  𝜕 y 𝛥 y
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      E  s e c =   f  ′  c c , s j    𝜀  c c , s j  


    𝜀  c c , s j =   𝜀 0  [ 1 + 5  (   f  ′  c c , s j  f  ′  c − 1 ) ]
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    𝑫  𝟏 𝟎    ( 𝐦 𝐦 )


    𝑫  𝟑 𝟎    ( 𝐦 𝐦 )


    𝑫  𝟓 𝟎    ( 𝐦 𝐦 )


    𝑫  𝟔 𝟎    ( 𝐦 𝐦 )


  𝝓    ( ° )


    N 70 ′


    𝜎  v ′


    F 200 / F C


    F 4


    𝛾  d


  w


  P I


  L L


    D 10


    D 30


    D 50


    D 60


  𝜙


      y ^  i


  X =  (   x  i 1 ,   x  i 2 ,   x  i 3 , … ,   x  i n )


      y ^  i =   f ^  (   x  i 1 ,   x  i 2 ,   x  i 3 , … ,   x  i n )    ( i = 1 ,   2 ,   3 ,   … ,   M )


    ∑  i = 1  M     [   f ^  (   x  i 1 ,   x  i 2 ,   x  i 3 , … ,   x  i n ) −   y  i ] 2 → m i n


  y =     a 0 +   ∑  i = 1  n    a  i   x  i +   ∑  i = 1  n    ∑  j = 1  n    a  i j   x  i   x  j +   ∑  i = 1  n    ∑  j = 1  n    ∑  k = 1  n    a  i j k   x  i   x  j   x  k + …


  Quadratic :     y ^ = G  (   x  i ,   x  j ) =   a 0 +   a 1   x  i +   a 2   x  j +   a 3   x  i   x  j +   a 4   x  i 2 +   a 5   x  j 2


    x  i


    y  i


  y


    y ^


    G  i


  E =     ∑  i = 1  M     (   y  i −   G  i (     ) ) 2  M → m i n


    y  i = 1 ,   2 , … ,   M


  n


   {  (   y  i ,   x  i p ,   x  i q ) ;  ( i = 1 ,   2 , … , M ) }


  p ,   q ∈  { 1 ,   2 , … , n }


   (    n   2 ) =   n ( n − 1 ) 2


  M


   {  (   y  i ,   x  i p ,   x  i q ) ;  ( i = 1 ,   2 , … M ) }


  p ,   q ∈  { 1 ,   2 , … , n }


   [      x  1 p    x  1 q    y 1     x  2 p    x  2 q    y 2     x  M p    x  M q    y  M ]


  M


  A a = Y


  a =  {   a 0 ,    a 1 ,   a 2 ,   a 3 ,   a 4 ,   a 5 }


  Y =  {   y 1 ,        y 2 ,   y 3 ,   … ,   y  M }  T


  Y


  a


  A =  [    1    x  1 p    x  1 q   1    x  2 p    x  2 q   1    x  M p    x  M q      x  1 p   x  1 q    x  1 p 2    x  1 q 2     x  2 p   x  2 q    x  2 p 2    x  2 q 2     x  M p   x  M q    x  M p 2    x  M q 2 ]


  a =    (   A  T A )  − 1   A  T Y


  M ,


  𝝓


  𝜙 = − 2 . 350050 + 0 . 005795   y 5 + 0 . 957297     y 6 − 0 . 005976       y 5 2 − 0 . 024938     y 6 2 + 0 . 037769   y 5   y 6


    y 1 = 0 . 0828 + 0 . 018199   N 70 ′ + 1 . 303645   𝛾  d − 0 . 000001     N 70 ′ 2 − 0 . 019810     𝛾  d 2 − 0 . 000578   N 70 ′   𝛾  d


    y 2 = 29 . 565296 − 0 . 571619 P I + 0 . 018102   D 60 + 0 . 006224   P I 2 − 0 . 000011     D 60 2 + 0 . 000480 P I   D 60


    y 3 = 62 . 153586 − 62 . 908345 L L + 58 . 309302   𝜎  v ′ + 22 . 280136   L L 2 − 23 . 030937     𝜎  v ′ 2 + 13 . 101200 L L   𝜎  v ′


    y 4 = 73 . 990484 − 73 . 453004   𝜎  v ′ + 26 . 393534   F 4 + 29 . 256098     𝜎  v ′ 2 + 24 . 005152     F 4 2 − 40 . 105051   𝜎  v ′   F 4


    y 5 = 4 . 011870 − 0 . 578298   y 1 + 1 . 302297   y 2 + 0 . 008694     y 1 2 − 0 . 007880     y 2 2 + 0 . 003496   y 1   y 2


    y 6 = − 39 . 569747 + 4 . 094071   y 3 − 0 . 178640   y 4 − 0 . 028284     y 3 2 + 0 . 048508     y 4 2 − 0 . 070782   y 3   y 4


   R 2


   R 2 = 1 −  [     ∑  i = 0  M     (   Y  i  ( M o d e l ) −   Y  i  ( A c t u a l ) ) 2    ∑  i = 1  M     (   Y  i  ( A c t u a l ) ) 2 ]


  MSE =  [     ∑  i = 0  M     (   Y  i ( M o d e l ) −   Y  i ( A c t u a l ) ) 2  M ]


  MAD =  [    |   ∑  i = 0  M   (   Y  i ( M o d e l ) −   Y  i ( A c t u a l ) ) |  M ]


  RMSE =    [     ∑  i = 0  M     (   Y  i ( M o d e l ) −   Y  i ( A c t u a l ) ) 2  M ]   1 2


    N 70 ′


    𝜎  v ′


    𝛾  d


  L L


  P I


    D 60


    F 4


    y 1


    y 6


    𝐑  𝟐


  𝜙


  𝜙


    Y  j


    x  i


    Y  j


    x  i


  − 0 . 1


  0 . 05


  0


  + 0 . 05


  + 0 . 1


  Sensitivity   level   of   X    ( % ) =  1  M   ∑  j = 1  M     (   %   C h a n g e   i n   O u t p u t  %   C h a n g e   i n   I n p u t )  j × 100


  𝜙


    N 70 ′


  L L


    N 70 ′


  L L


  P I


    N 70 ′


  L L


  P I


    𝛾  d


    𝜎  v ′


    D 60


    F 4


  𝜙


  𝜙


  𝜙


    N 70 ′


  P I


    F 4


  L L


    N 70 ′


  L L



