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Abstract 4 

Geogrid-encased stone columns (GESCs) are increasingly utilized in earthquake-prone areas, yet a practical 5 

framework for quantifying their seismic fragility remains underdeveloped. This study develops a machine 6 

learning-based probabilistic assessment framework for the seismic fragility analysis of GESC composite 7 

foundations. The framework employs a validated analytical model for estimating the ultimate seismic bearing 8 

capacity, which is then integrated with the Monte Carlo simulation to account for the inherent uncertainties. 9 

A comprehensive parametric study is conducted to systematically evaluate the influence of seismic 10 

coefficients (kh and kv), column diameter (Dc), tensile strength (T), area replacement ratio (m), shear strength 11 

(φc, cc, φs, cs), vertical load demand (Pv), footing width (B), overburden pressure (q1), and shear strength 12 

utilization ratio (n). Results demonstrate that the parameters φs and kv/kh are the most influential on the failure 13 

probability (Pf), whereas Dc and cc have a negligible effect. Pf shows a positive correlation with T, m, φc, cc, 14 

φs, cs, B, and q1, and a negative correlation with kv/kh, Dc, and Pv. Since the seismic reliability is more critically 15 

influenced by native soil conditions than by column enhancements, the design shall focus on key parameters: 16 

high-strength geogrids, adequate foundation width, a high are replacement ratio, and a dense arrangement of 17 

small-diameter columns. 18 

Keywords: Geogrid-Encased Stone Column; Ultimate Seismic Bearing Capacity; Seismic Fragility; Limit 19 

Equilibrium Method; Machine Learning; Shaking Table Test.  20 
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1. Introduction 21 

Soft soil deposits pose significant geotechnical challenges for construction, particularly in seismically 22 

active regions, due to their low bearing capacity, high compressibility, and potential for liquefaction. Ordinary 23 

stone column (OSC) improvement is a widely adopted ground reinforcement technique that enhances soil 24 

stiffness, increases bearing capacity, and accelerates consolidation (Chen et al., 2022; Gu et al., 2022a; Gu et 25 

al., 2022b; Pandey et al., 2022). However, in extremely soft soils, the lack of adequate lateral confinement 26 

often leads to excessive bulging and premature failure of OSCs. The geogrid-encased stone column (GESC) 27 

effectively mitigates this issue through the substantial additional confinement provided by the geogrid to the 28 

column (Abid et al., 2023; Liu et al., 2023; Mohamed et al., 2023; Zeini et al., 2023). The geogrid-encased 29 

stone columns (GESCs) allow for the full-strength mobilization of the column material and a marked 30 

improvement in the overall load-deformation response of the foundation system (Bahi and Houhou, 2024; 31 

Castro Gonzalez et al., 2024; Elwakeel and Elsherbini, 2024; Hosseinpour, 2024). 32 

While the static performance of GESC foundations has been extensively studied through analytical (Kong 33 

et al., 2018; Pulko and Logar, 2017; Zhang et al., 2012), numerical (Ji et al., 2024; Qin et al., 2024; Yousuf 34 

and Samadhiya, 2024; Zhang et al., 2024), and experimental (Kang et al., 2024; Modalavalasa and 35 

Ramanathan, 2024; Pandey Balbir et al., 2024; Yoosefi et al., 2024) methods, their response under seismic 36 

loading remains a complex and less quantified aspect. Earthquakes impose cyclic and dynamic stresses that 37 

threaten stability through mechanisms such as reduced lateral confinement, the generation of excess pore water 38 

pressure in surrounding soil, and complex inertial interactions. Consequently, the seismic bearing capacity 39 

emerges as a critical, yet insufficiently defined, design parameter. Current methodologies for OSC composite 40 

foundations predominantly employ limit equilibrium methods to assess ultimate seismic bearing capacity (Nav 41 

et al., 2020; Nayak et al., 2020; Pandey et al., 2020; Tan et al., 2020; Thakur et al., 2020a, b). The geogrid 42 

encasement decreases the column's dependence on the surrounding soil while simultaneously introducing 43 

greater complexity into the failure mechanisms and computational methods. Nevertheless, existing research 44 

on GESCs under dynamic conditions has primarily relied on laboratory tests (Cengiz and Guler, 2018a, b, 45 

2020; Ji et al., 2025; Lakkimsetti and Latha, 2024; Ou Yang et al., 2021) and numerical simulations (Cai et 46 

al., 2025; Dinesh et al., 2024; Zhang et al., 2025). These studies have focused on characterizing the dynamic 47 
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response in terms of deformation, acceleration, stress distribution, and pore water pressure evolution. However, 48 

such deterministic approaches cannot inherently account for the significant uncertainties prevalent in 49 

geotechnical systems—including the spatial variability of soil properties, the inherent randomness in material 50 

strengths, and the uncertainty in seismic demand. Therefore, a purely deterministic safety factor may not 51 

adequately represent the real risk of failure under seismic events of varying intensities. 52 

To address these uncertainties, fragility analysis has emerged as a powerful probabilistic framework for 53 

seismic risk assessment, forming the backbone of performance-based earthquake engineering. It quantifies the 54 

conditional probability of exceeding a specific limit state (e.g., bearing capacity failure) given a seismic 55 

intensity measure. Nevertheless, the application of this probabilistic framework to GESC composite 56 

foundations is scarcely reported in the literature (Cai et al., 2026; Qiu et al., 2025). Current seismic 57 

performance evaluations, when attempted, often rely on complex, computationally expensive finite-element 58 

models coupled with dynamic analysis (Geng et al., 2017; Tang et al., 2015). Such sophisticated analyses, 59 

while valuable, may hinder practicality for routine design, parametric studies, and reliability-based 60 

optimization. This highlights a clear need for a analytical methodology that can efficiently generate seismic 61 

fragility curves for GESC foundations while explicitly incorporating parameter uncertainty. 62 

This study develops a machine learning-based probabilistic assessment framework for the seismic 63 

fragility analysis of GESC composite foundations. The calculation method of ultimate seismic bearing 64 

capacity is established based on the limit equilibrium method and the equivalent are method, and validated 65 

through previous analytical solutions, shaking table test, and field tests. The proposed neural network model 66 

integrates the validated analytical model and Monte Carlo simulation, considering parameter uncertainty, for 67 

investigating the seismic fragility of GESC composite foundations. A comprehensive parametric study is 68 

conducted to investigate the influence of critical factors, including seismic coefficients (kh and kv), column 69 

diameter (Dc), tensile strength (T), area replacement ratio (m), shear strength (φc, cc, φs, cs), vertical load 70 

demand (Pv), footing width (B), overburden pressure (q1), and shear strength utilization ratio (n). 71 
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2. Calculation of Seismic Bearing Capacity 72 

2.1. Seismic Bearing Capacity Model 73 

Fig. 1 presents a footing resting on a foundation under static loading. The ultimate static bearing capacity 74 

(PL) of a foundation under a circular footing can be calculated based on the classical Terzaghi bearing capacity 75 

theory, as follows: 76 

𝑃௅ = 1.2ܿ௦ ௖ܰ + 1ݍ ௤ܰ + ܤ௦ߛ0.3 ఊܰ         (1) 77 

where, ௖ܰ, ௤ܰ, and ఊܰ are static bearing capacity factors; q1 is the overburden pressure; B is the width (or 78 

diameter) of the footing; q1 = γsh0 is the overburden pressure; h0 is the embedded depth of the footing; cs, φs, 79 

and γs are the cohesion, angle of internal friction, and weight of the foundation soil, respectively. 80 

 

Fig. 1. Schematic diagram of the GESCs composite foundation under static and seismic loading. 

To evaluate the ultimate seismic bearing capacity of the GESC composite foundation, an equivalent area 81 

(Hassen et al., 2013; Zheng et al., 2020) method is commonly used. The composite properties of the GESC 82 

composite foundation are defined by weighted averaging as follows: 83 

ܿ = (1 −݉)ܿ௦ +݉(ܿ௖ + ܿ௚)            (2) 84 

= ߮݊ܽݐ  (1 − ௦߮݊ܽݐ(݉ +  ௖          (3) 85߮݊ܽݐ݉ 
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= ߛ  (1 − ௦ߛ(݉ +  ௖             (4) 86ߛ݉ 

where, m is the area replacement ratio; cg is apparent cohesion provided by geogrid encasement; c, φ, and γ 87 

are the cohesion, angle of internal friction, and weight of the composite foundation, respectively; cc, φc, and 88 

γc are the cohesion, angle of internal friction, and weight of the column material, respectively. The same 89 

method for the bearing capacity calculation of ordinary stone column (OSC) composite foundations was 90 

applied as described in the previous study (Zheng et al., 2020). Further extending this method to the calculation 91 

of the ultimate seismic bearing capacity of GESC composite foundation, the apparent cohesion (cg = 92 

Ttan(45°+φc/2)/Dc) due to additional confinement provided by geogrid encasement is incorporated into the 93 

proposed model (T and Dc are the geogrid tensile strength and the column diameter, respectively). The 94 

horizontal (kh = αh/g) and vertical (kv = αv/g) acceleration coefficients are normalized by gravitational 95 

acceleration (g) to quantify the earthquake-induced inertial forces (αh and αv are the horizontal and vertical 96 

peak ground acceleration, respectively). Consequently, the ultimate seismic bearing capacity (qu) of the GESC 97 

composite foundation is rewritten as: 98 

௨ݍ = 1.2ܿ ௖ܰா + 1ݍ ௤ܰா + ܤߛ0.3 ఊܰா         (5) 99 

where, ௖ܰா, ௤ܰா, and ఊܰா are seismic bearing capacity factors. 100 

2.2. Determination of Seismic Bearing Capacity Factors 101 

Under seismic loading, the failure surface tends to move upwards. Fig. 2 (a) presents the actual and 102 

simplified failure mode of the GESC composite foundation subjected to seismic loading. The simplified failure 103 

region can be divided into abc and bcd blocks. The geometry relationship can be expressed as: 104 

{  
  |ܾܽ| = |ܾܿ|ܤ = |ܿ݀|௖௢௠௣ߙ݊ܽݐܤ = |ܾ݀|௦ߙ݊݅ݏ/௖௢௠௣ߙ݊ܽݐܤ =  ௦         (6) 105ߙ݊ܽݐ/௖௢௠௣ߙ݊ܽݐܤ

where, ߙ௖௢௠௣ and ߙ௦ are the critical angles of the active and passive zone, respectively. The calculational 106 

formulas recommended by Budhu and Al-Karni (1993) can be rewritten as: 107 

௖௢௠௣ߙ = ܽ௖௢௠௣ + ௧௔௡௔೎೚೘೛1+௧௔௡(ఋ1+ఏ)(௧௔௡௔೎೚೘೛+௖௢௧௔೎೚೘೛)−[1+௧௔௡(ఋ1+ఏ)௖௢௧௔೎೚೘೛](௧௔௡2௔೎೚೘೛+1√)1−݊ܽݐ )     (7) 108 
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௦ߙ = −ܽ௦ + ௧௔௡௔ೞ1+௧௔௡(ఋ2+ఏ)(௧௔௡௔ೞ+௖௢௧௔ೞ)+[1+௧௔௡(ఋ2−ఏ)௖௢௧௔ೞ](௧௔௡2௔ೞ+1√)1−݊ܽݐ )      (8) 109 

where, ܽ௖௢௠௣ =  ߮ − ௦ܽ ;ߠ  = ߮௦ − ߠ ;ߠ  = ℎ/(1݇)1−݊ܽݐ − ݇௩)) is the seismic angle; δ1 and δ2 are the half 110 

of the internal friction angle in different regions, respectively. 111 

 

(a) 

 

(b) 

Fig. 2. Calculation mode of GESC composite foundation under seismic loading: (a) failure mode and (b) force analysis. 

Fig. 2 (b) presents the force analysis of the different sliding blocks. Assuming c ≠ 0 and γ = q1 =0, all 112 

forces took the moment for the c point: 113 

݇ℎݍ௨ܤ|ܾܿ| − 12 (1 − ݇௩)ݍ௨ ܤ|ܾܽ| − 12𝑃௦ ܿ߮ݏ݋௦|݀ܿ| + 12𝑃௡ ܿ߮ݏ݋௡|ܽܿ| = 0    (9) 114 

where, φn = nφ and cn = nc are the angle of internal friction and cohesion of an ac edge, respectively; n is the 115 

shear strength utilization ratio. The following equations can be derived from the balance of vertical and 116 

horizontal forces: 117 

݇ℎݍ௨ܤ − ܿ௡ܿߙݏ݋௖௢௠௣|ܽܿ| − ܿ௦ܿߙݏ݋௦|݀ܿ| − 𝑃௦ ௦ߙ)݊݅ݏ  + ߮௦) + 𝑃௡ ߙ)݊݅ݏ௖௢௠௣ − ߮௡) = 0 (10) 118 



 

8 

 

݇ℎݍ௨ܤ − ܿ௡ߙ݊݅ݏ௖௢௠௣|ܽܿ| + ܿ௦݅݊ߙ௦|݀ܿ| − 𝑃௦ ܿߙ)ݏ݋௦ + ߮௦) − 𝑃௡ ܿߙ)ݏ݋௖௢௠௣ − ߮௡) = 0 (11) 119 

Organizing the above equation, qu and NcE can be obtained: 120 

௨ݍ = ௖೙|௕௖|௖௢௦ఝ೙(௖௢௦(ఈ೎೚೘೛+ఈೞ+ఝೞ)|௕௖|+௖௢௦ఝೞ|ௗ௖|)+௖ೞ|ௗ௖|௖௢௦ఝೞ(௖௢௦ఝ೙|௔௖|+௖௢௦(ఈ೎೚೘೛+ఈೞ−ఝ೙)|ௗ௖|)஻(1−௞ೡ)(஻௦௜௡(ఈ೎೚೘೛+ఈೞ+ఝೞ−ఝ೙)−௦௜௡(ఈೞ+ఝೞ)௖௢௦ఝ೙|௔௖|+௦௜௡(ఈ೎೚೘೛−ఝ೙)௖௢௦ఝೞ|ௗ௖|)−஻௞ℎ(2|௕௖|௦௜௡(ఈ೎೚೘೛+ఈೞ+ఝೞ−ఝ೙)−௖௢௦(ఈೞ+ఝೞ)௖௢௦ఝ೙|௔௖|−௖௢௦(ఈ೎೚೘೛−ఝ೙)௖௢௦ఝೞ|ௗ௖|)      (12) 121 

௖ܰா = ௖೙|௕௖|௖௢௦ఝ೙(௖௢௦(ఈ೎೚೘೛+ఈೞ+ఝೞ)|௕௖|+௖௢௦ఝೞ|ௗ௖|)+௖ೞ|ௗ௖|௖௢௦ఝೞ(௖௢௦ఝ೙|௔௖|+௖௢௦(ఈ೎೚೘೛+ఈೞ−ఝ೙)|ௗ௖|)௖஻(1−௞ೡ)(஻௦௜௡(ఈ೎೚೘೛+ఈೞ+ఝೞ−ఝ೙)−௦௜௡(ఈೞ+ఝೞ)௖௢௦ఝ೙|௔௖|+௦௜௡(ఈ೎೚೘೛−ఝ೙)௖௢௦ఝೞ|ௗ௖|)−௖஻௞ℎ(2|௕௖|௦௜௡(ఈ೎೚೘೛+ఈೞ+ఝೞ−ఝ೙)−௖௢௦(ఈೞ+ఝೞ)௖௢௦ఝ೙|௔௖|−௖௢௦(ఈ೎೚೘೛−ఝ೙)௖௢௦ఝೞ|ௗ௖|)      (13) 122 

Based on the Mononobe-Okabe formula, the value of the active (KAE) and passive (KPE) earth pressure 123 

coefficient from Budhu and Al-Karni (1993) can be rewritten: 124 

஺ாܭ = cos2(ఝೌೡ೐ೝೌ೒೐− ఏ)
cosθcos(δ1+θ){1+√sin(കೌೡ೐ೝೌ೒೐+δ1)sin(കೌೡ೐ೝೌ೒೐− ഇ)cos(δ1+θ) }2          (14) 125 

௉ாܭ = cos2(ఝೌೡ೐ೝೌ೒೐− ఏ)
cosθ cos(δ2+θ){1−√sin(കೌೡ೐ೝೌ೒೐+δ2) sin(കೌೡ೐ೝೌ೒೐− ഇ)cos(δ2+θ) }2          (15) 126 

where, φaverage is the average value of the internal friction angle of the system. 127 

Assuming q1 ≠ 0 and γ = c =0, the following equations derived from the horizontal force balance of the 128 

bc edge can be obtained: 129 

|ܾܿ|௨ݍ஺ாܭ  =  130 (16)            |ܾܿ|1ݍ௉ாܭ 

௨ݍ =  ஺ா             (17) 131ܭ/௉ாܭ1ݍ

௤ܰா =  ஺ா             (18) 132ܭ/௉ாܭ

Assuming γ ≠ 0 and q1 = c =0, the following equations derived from the horizontal force balance of the 133 

bc edge can be obtained: 134 

|ܾܿ|஺ாܭ௨ݍ + ஺ா/2ܭ2|ܾܿ|ߛ =  ௉ா/2           (19) 135ܭ௦|ܾܿ|2ߛ 

௨ݍ = |ܾܿ|(ఊೞ௄ುಶ−ఊ௄ಲಶ2௄ಲಶ )              (20) 136 
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ఊܰா = |ܾܿ|(ఊೞ௄ುಶ−ఊ௄ಲಶ0.6ఊ஻௄ಲಶ )              (21) 137 

2.3. Validation of Seismic Bearing Capacity Factors 138 

Three seismic bearing capacity factors are calculated and compared with previous studies (Cai et al., 2026; 139 

Richards et al., 1993; Soubra, 1997) for homogeneous cohesionless soil. Fig. 3 (a), (b), and (c) show the 140 

calculation results of ௖ܰா , ௤ܰா , and ఊܰா , respectively. Good consistency between present and previous 141 

results is observed, demonstrating the feasibility and accuracy of this method. 142 

  

(a) (b) 

 

(c) 

Fig. 3. Comparison of different methods for calculating seismic bearing capacity factors: (a) NcE, (b) NqE, and (c) NγE. 

2.4. Shaking Table Tests and Field Tests Validation 143 

To further validate the reliability of the proposed method, its predictions for ultimate bearing capacity are 144 

compared with experimental data from shaking table and field tests. The 1:10 scale shaking table tests were 145 

conducted by Cai et al. (2026) to validate the theoretical model accuracy during seismic loading. The column 146 

diameter (Dc) and length (Lc) in shaking table tests are 40 mm and 500 mm, respectively. The geogrid with a 147 

tensile strength of about 2~7 kN/m is used to encase the stone aggregates. Table 1 summarizes the parameters 148 
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for calculating the seismic bearing capacity of OSC and GESC composite foundations in shaking table tests. 149 

Fig. 4 (a) presents the qu calculation results of OSC and GESC composite foundations under different seismic 150 

intensities. The qu typically increases with increasing tensile strength of geogrid encasement and decreasing 151 

kh. The geogrid encasement significantly increases the qu of OSC. The close agreement between the present 152 

results and previous data further validates the feasibility and accuracy of the proposed method. 153 

Table 1. Parameter for seismic bearing capacity calculation in shaking table tests. 

Parameter Weight Cohesion 
Angle of 
internal friction  

Area replacement 
ratio 

Width of 
footing 

Shear strength 
utilization ratio 

Sand γs = 18 kN/m3 cs = 1 kPa φs = 33.68° 

m = 16% 
B = 0.1 
m 

n = 0.6 

OSC/GESC γc = 17 kN/m3 cc = 1 (or 1 + cg) kPa φc = 41.70° 

In the field tests, the geogrid with a tensile strength of about 30 kN/m and an aperture dimension of 40 154 

mm × 40 mm is used to encase the stone aggregates. The width of the footing is 1.2 m, and the area replacement 155 

ratio is about 13.64%. The end-bearing columns with a diameter of 0.5 m and an internal friction angle of 156 

40°are used to reinforce the soft soil with a cohesion of 15 kPa. The radial stress coefficient (Kp) method is 157 

commonly used to calculate the static bearing capacity of such columns (Gu et al., 2020; Gu et al., 2016), as 158 

follows:  159 

௨ݍ = ௥0ߪ) + 4ܿ௦ +  ௣              (22) 160ܭ (௥௚ߪ

where, ߪ௥0 = 2ܿ௨ is the initial radial stress; ߪ௥௚ =  ௖ is the confining stress provided by the geogrid 161ܦ/2ܶ

encasement. The q values from field tests, Gu et al. (2020), Gu et al. (2016), Cai et al. (2026), and the present 162 

study are presented in Fig. 4 (b). The bearing capacity difference is successively -11.66%, -13.80%, -8.98%, 163 

and -2.48% compared to the field test results. A more precise result is obtained from the present study 164 

compared to the other solutions. 165 
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(a) (b) 

Fig. 4. Seismic bearing capacity calculation of composite foundation based on: (a) shaking table test and (b) field test. 

3. Seismic Fragility Analysis 166 

3.1. Definition of Failure Discrimination 167 

The ultimate seismic bearing capacity (qu) of GESC composite foundation is calculated using the 168 

validated model described in Section 2. A performance criterion is then defined: the foundation is considered 169 

unsatisfactory if qu is less than the vertical load demand (Pv); otherwise, its performance is deemed satisfactory. 170 

The representative vertical load demand of about 75 kPa is adopted for the superstructure in the present study 171 

based on the literature review (Abid et al., 2023; Bahrami and Marandi, 2021; Farah and Nalbantoglu, 2020; 172 

Gu et al., 2025; Gu et al., 2022b; Gu et al., 2016; Menon and Bhasi, 2024; Nayak et al., 2019; Ou Yang et al., 173 

2021; Qiu et al., 2025; Rathod et al., 2021; Sadr and Hataf, 2021; Zhou et al., 2019). In geotechnical 174 

engineering and composite foundation research, a representative standard load value is often selected to 175 

facilitate comparison and discussion across different studies. The Pv value is a widely adopted typical or 176 

reference value in numerous publications on stone columns. As the qu is influenced by multiple uncertain 177 

factors (e.g., seismic loading, material properties, and model configuration), it is not a deterministic value. 178 

Thus, evaluating seismic safety necessitates a probabilistic approach via fragility functions, which quantify 179 

the seismic failure probability of GESC composite foundations. 180 

3.2. Parameter Selection 181 

A parameter treatment strategy is implemented to simplify the seismic fragility analysis. Parameters 182 

exhibiting negligible expected variation (e.g., material unit weights) or with a standardized influence are 183 

assigned fixed constant values. Therefore, the γs, γc, q1, B, kv, and n are 18 kN/m3, 20 kN/m3, 10 kPa, 1 m, 184 

0.5kh, and 0.1, respectively. For the main random variables (e.g., φc, cc, φs, cs, T, m, and Dc) with the normal 185 

distribution governing system response, a benchmark analysis is defined using central values. The mean value 186 

of φc, cc, φs, cs, T, m, and Dc from their specified ranges are 40°, 25°, 10 kPa, 15 kPa, 0.15, 100 kN/m, and 0.8 187 

m, respectively. kh is considered to obey the uniform distribution in the present study. Table 2 summarizes the 188 

parameters for seismic fragility analysis. 189 
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Table 2. Summary of statistical uncertain parameters for seismic fragility analysis. 

Parameter Distribution Range Mean References 

φc Normal distribution 35°~45° 40° Alonso and Jimenez (2011) 

φs Normal distribution 10°~30° 25° Zhang et al. (2017) 

cc Normal distribution 0~20 kPa 10 kPa Zhang et al. (2017) 

cs Normal distribution 5~30 kPa 15 kPa Zhang et al. (2017) 

m Normal distribution 0.10~0.35 0.15 Yoo and Abbas (2019) and Bazzazian Bonab et al. (2020) 

T Normal distribution 10~400 kN/m 100 kN/m Yoo and Abbas (2020) and Bhandari and Han (2010) 

Dc Normal distribution 0.4~1.2 m 0.8 m Mahawish et al. (2021) 

3.3. Calculation Methodology 190 

A neural network model is implemented in MATLAB to predict the failure probability of GESC 191 

foundations, with explicit consideration of input parameter uncertainties. The selection of input parameters 192 

followed a two-step procedure. First, parameters that significantly influence the qu or exhibit substantial 193 

uncertainty are identified based on the findings in Section 2. Second, the reasonable ranges and statistical 194 

distributions for these parameters are established through a comprehensive literature review observed in 195 

Section 3.2. A dataset in the form of a 7 × N array is generated, corresponding to the seven input parameters 196 

listed in Table 2. For each input parameter, N random samples are drawn to calculate the corresponding qu. 197 

These qu values will be compared with the Pv from Section 3.1. Based on the definition of failure 198 

discrimination, the samples are labeled and classified. Finally, a neural network (Fig. 5) with input, hidden, 199 

and output layers is constructed (i.e., structure is 9-32-16-8-1) to perform regression and predict the failure 200 

probability (Pf) of GESC composite foundations under varying conditions. 201 

 

Fig. 5. Neural network model. 
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3.4. Model Verification 202 

 Fig. 6 (a) illustrates the variation of loss values with the number of epochs, with a clear decreasing trend 203 

observed. The decreasing loss values with the increasing number of training epochs directly reflect the normal 204 

learning and convergence process of machine learning models. The underlying mechanism lies in the model's 205 

iterative optimization, which continuously adjusts its internal parameters to achieve increasingly accurate 206 

fitting of the training data. The loss value of approximately 0.1241 is obtained with the increasing iteration 207 

times from 0 to 100. Fig. 6 (b) depicts the evolution of model accuracy with respect to the number of epochs. 208 

The model accuracy exhibits a trend of improvement with increasing training epochs, achieving a value of 209 

about 93.83% at 100 epochs. The proposed neural network model with a low loss value and high accuracy 210 

guarantees its reliability and rationality. 211 

  

(a) (b) 

Fig. 6. Effect of iteration times on the: (a) loss curves and (b) accuracy curves. 

 To validate the accuracy of seismic fragility analysis, the failure probability curves from different methods 212 

is given in Fig. 7 (a). The prediction curve shows a good consistency compared to the actual values and 213 

simulation results. Fig. 7 (b) presents the ROC (Receiver Operating Characteristic) curve used to evaluate the 214 

performance of a binary classification model. ROC curve demonstrates the classifier's ability to handle the 215 

relationship between true positives and false positives by plotting the model's performance changes across 216 

different discriminative thresholds. Horizontal axis represents the false positive rate (FPR) and vertical axis 217 

represents the true positive rate (TPR). ROC curve is positioned very close to the upper left corner, indicating 218 

that the model achieves an exceptionally high true-positive rate (TPR) while maintaining an extremely low 219 

false-positive rate (FPR). The AUC value reaches 0.9908, indicating that the classification model depicted in 220 

the figure possesses exceptional discrimination capability and remarkable predictive accuracy. 221 
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(a) (b) 

Fig. 7. Effect of kh on failure probability. 

4. Parametric Analysis 222 

 The effect of different factors (kv/kh, Dc, T, m, φc, cc, φs, cs, Pv, B, q1, and n) on the Pf is investigated in 223 

this section. The original parameters in Section 3 are unchanged except for the parameters being studied. Table 224 

3 summarizes the parameters for investigating the variation of Pf. 225 

Table 3. Summary of parameters for Pf calculation. 

Parameter Value Parameter Value Parameter Value 

kv/kh 0.2, 0.4, 0.6, and 0.8 φc (°) 38, 40, 42, and 45 Pv (kPa) 50, 100, 150, and 200 

Dc (m) 0.4, 0.6, 0.8, and 1.0 φs (°) 10, 20, 25, and 30 B (m) 2, 5, 8, and 10 

T (kN/m) 10, 50, 100, and 200 cc (kPa) 5, 10, 20, and 50 q1 (kPa) 50, 100, 200, and 300 

m 25%, 30%, 35%, and 40% cs (kPa) 5, 10, 15, and 20 n 0.2, 0.4, 0.6, and 0.8 

4.1. Effect of kv/kh 226 

Fig. 8 presents the effect of kv/kh on the Pf. The failure probability increases with increasing kh and kv. An 227 

increase in kh generates a stronger horizontal inertial force. This significantly elevates the shear stress between 228 

the column and the surrounding soil, resulting in a more significant horizontal displacement, even bending 229 

and shear failure. Horizontal forces increase the circumferential tensile and extraction forces of the geogrid, 230 

weakening its lateral restraint effect. An increase in kv generates additional vertical seismic forces, 231 

significantly elevating the instantaneous vertical load on the foundation, which may exceed the vertical 232 

bearing capacity of the composite foundation. Intense vertical vibration causes a sharp increase in pore water 233 

pressure and reduction in effective stress, resulting in soil softening or even liquefaction. This significantly 234 

diminishes the lateral support provided by the surrounding soil and substantially reduces the overall stiffness 235 
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and bearing capacity of the foundation. In actual earthquakes, combined horizontal and vertical loading leads 236 

to the foundation simultaneously facing multiple adverse conditions. These cumulative effects systematically 237 

increase the failure probability of the entire composite foundation system. 238 

 

Fig. 8. Effect of kv/kh on failure probability. 

4.2. Effect of Dc 239 

Fig. 9 presents the effect of Dc on the Pf. The failure probability increases with increasing Dc. An 240 

increasing column mass typically under the same seismic acceleration experiences greater horizontal inertial 241 

forces, resulting in bending and shear deformation. An increased column diameter typically indicates greater 242 

column stiffness, which may concentrate more seismic shear forces. For large-diameter columns, the 243 

confinement demand increases at a much higher rate than the capacity improvement, elevating the failure 244 

probability. 245 
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Fig. 9. Effect of Dc on failure probability. 

4.3. Effect of T 246 

Fig. 10 presents the effect of T on the Pf. The failure probability increased with increasing kh and 247 

decreasing T. An increase in kh directly leads to a significant rise in the tensile force demand that the geogrid 248 

must withstand. The tensile strength T determine the maximum confining stress it can provide. A decrease in 249 

T typically results in a reduced maximum allowable tensile force, increasing the failure probability. 250 

 

Fig. 10. Effect of T on failure probability. 

4.4. Effect of m 251 

Fig. 11 presents the effect of m on the Pf. The failure probability increased with decreasing m. A decrease 252 

in the m-value indicates that the total cross-sectional area of the column accounts for a smaller proportion 253 

within the treatment area. The vertical and horizontal loads will be primarily shared by the relatively weaker 254 

soil surrounding the columns. A low m-value indicates a sparse skeleton throughout the entire reinforced zone, 255 

resulting in diminished overall deformation and shear resistance. A low m-value delays the dissipation of pore 256 

water pressure during earthquakes, increasing the risk of soil liquefaction or softening. This coupled risk 257 

caused by the decrease in m increases the failure probability. 258 
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Fig. 11. Effect of m on failure probability. 

4.5. Effect of Shear Strength 259 

Fig. 12 (a), (b), (c), and (d) present the effect of φc, cc, φs, and cs on the Pf, respectively. The failure 260 

probability increased with decreasing φc, cc, φs, or cs. The Pf is more sensitive to internal friction angle than 261 

cohesion. The friction strength component of soil increases linearly with the increase in the confining pressure 262 

acting on the soil. In foundations, particularly under dynamic loads such as earthquakes, the confining pressure 263 

experienced by soil elements varies significantly. Therefore, even minor changes in the φ value are amplified 264 

by the confining pressure, exerting a substantial influence on the overall shear strength. However, the cohesion 265 

is considered an inherent strength independent of confining pressure. The failure typically manifests as deep 266 

shear failure, with the soil or column in this region subjected to elevated confining pressure. Consequently, 267 

variations in the internal friction angle directly and significantly alter the ultimate bearing capacity, thereby 268 

decisively influencing failure probability. The effect of shear strength (φs and cs) of surrounding soil is more 269 

prominent than that of column material (φc and cc). Even with GESC reinforcement, the majority of loads 270 

(particularly horizontal seismic loads) still need to be transmitted and dispersed through the surrounding soil. 271 

The overall instability of composite foundations typically originates from shear failure or excessive 272 

deformation of the surrounding soil. If the surrounding soil is inherently too weak (low φs and cs), it will fail 273 

before effectively transmitting the load to the column. Consequently, the strength parameters of the 274 

surrounding soil directly determine the performance of the entire system. 275 
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(a) (b) 

  

(c) (d) 

Fig. 12. Effect of shear strength on failure probability: (a) φc, (b) cc, (c) φs, and (d) cs. 

4.6. Effect of Pv 276 

Fig. 13 presents the effect of Pv on the Pf. The failure probability increased with increasing Pv. The vertical 277 

load demand represents the most direct demand acting on the foundation system. An increase in Pv elevates 278 

the internal stress levels in the foundation through multiple pathways, bringing them closer to the ultimate 279 

bearing state and thereby reducing the safety margin. 280 
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Fig. 13. Effect of Pv on failure probability. 

4.7. Effect of B 281 

Fig. 14 presents the effect of B on the Pf. A decrease in the B value significantly reduces anti-overturning 282 

and anti-slip capacity. The narrower the foundation width, the more concentrated the upper loads (including 283 

vertical and horizontal loads) become, resulting in excessive local stresses. Therefore, the failure probability 284 

increased with decreasing B. 285 

 

Fig. 14. Effect of B on failure probability. 

4.8. Effect of q1 286 

Fig. 15 presents the effect of q1 on the Pf. q1 represents the self-weight pressure of the soil within the base 287 

embedded depth range (i.e., the overlying soil weight), enhancing the frictional anti-slip force between the 288 

foundation surface and the soil. A larger q1 value increases the passive soil pressure, enabling more effective 289 

reduce of the foundation's horizontal displacement. Therefore, the failure probability decreased with 290 

increasing q1. 291 



 

20 

 

 

Fig. 15. Effect of q1 on failure probability. 

4.9. Effect of n 292 

Fig. 16 presents the effect of n on the Pf. An increase in the shear strength utilization factor indicates that 293 

the shear strength of the composite zone is more fully mobilized and utilized under actual loading conditions, 294 

thereby directly enhancing the foundation's resistance to shear failure and improving its safety margin. 295 

Therefore, the failure probability decreased with increasing n. 296 

 

Fig. 16. Effect of n on failure probability. 

5. Conclusions 297 

A theoretical and probabilistic framework is developed for evaluating the ultimate seismic bearing 298 

capacity (qu) and failure probability (Pf) of geogrid-encased stone column (GESC) composite foundations. 299 

The main conclusions are summarized as follows: 300 
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(1) The qu and corresponding factors (NcE, NqE, and NγE) of GESC composite foundations are derived 301 

based on the equivalent area method and limit equilibrium theory. Three seismic bearing capacity factors are 302 

verified against several existing calculation methods. The calculated ultimate bearing capacity is further 303 

compared with experimental data from both shaking table and field tests. 304 

(2) A machine learning-based probabilistic analysis model is established to quantify the seismic fragility 305 

of GESC composite foundations and provide a probabilistic basis for assessing the seismic performance of 306 

these foundations. The model is validated through comprehensive comparisons, including loss curves, 307 

accuracy curves, Pf curves, and ROC curves. 308 

(3) Sensitivity analysis is conducted to investigate the effect of twelve parameters on the Pf. The Pf is 309 

positively correlated with parameters T, m, φc, cc, φs, cs, B, and q1, but negatively correlated with kv/kh, Dc, and 310 

Pv. In contrast to the negligible influence of Dc and cc, the parameters φs and kv/kh significantly govern the Pf. 311 

(4) Compared to the improvement of column property and encasement strength, Pf of such foundations is 312 

more sensitive to the inherent properties of natural soil. The design shall prioritize the use of high-strength 313 

geogrids, ensure adequate foundation width, and maintain a high replacement rate—particularly by employing 314 

small-diameter columns in a dense arrangement—to comprehensively enhance seismic reliability. 315 
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