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Abstract: 8 

Rapid urbanization has increased the demand for deep excavations, emphasizing the need for reliable and 9 

economical retaining systems. This study presents a probabilistic reliability assessment of truss soil retaining 10 

systems using Monte Carlo simulation coupled with the limit equilibrium method. The probabilities of sliding, pile 11 

failure, footing failure, and shotcrete failure are evaluated by considering excavation depth, truss spacing, and 12 

surcharge load as deterministic variables, while soil cohesion and internal friction angle are modeled as correlated 13 

random variables. The results indicate that 10,000 Monte Carlo simulations provide satisfactory convergence. 14 

Surcharge significantly increases the probabilities of sliding, pile, and footing failures but has a negligible effect 15 

on shotcrete failure. Truss spacing mainly influences sliding reliability, whereas its effect on the other failure modes 16 

is limited. Compared with the normal distribution, the log-normal distribution generally predicts lower probabilities 17 

of sliding, pile, and footing failures. In addition, the correlation between cohesion and friction angle has a 18 

noticeable influence under low lateral loading conditions, while its effect becomes insignificant for deep 19 

excavations or high surcharge loads. Overall, the results demonstrate that conventional deterministic safety factors 20 

may produce overly conservative designs. The proposed framework provides an efficient and practical tool for the 21 

reliability-based design of truss retaining systems under geotechnical uncertainty. 22 

 23 
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1.Introduction 27 

The need for excavation is increasingly felt today due to population growth on the one hand and limited space and 28 

rising land prices on the other.  Ignoring the spatial variability of soil  properties can significantly overestimate the 29 

slope failure probability [1]. Different environmental conditions have led to the emergence of various excavation 30 

methods among which, the Soil Truss Retaining Structure (STRS) can be mentioned. This retaining structure 31 

consists of triangular elements that, due to their shape and arrangement, can effectively withstand various loads.[2] 32 

As Fig. 1 (a) shows, the components of a STRS include horizontal and vertical members, trusses, supports, and 33 

connections.[3] The key parameters in designing a STRS include the excavation depth (H), surcharge loading (q), 34 

and the distance between trusses (S). Additionally, the soil's mechanical properties, specifically cohesion (c) and 35 

internal friction angle (ϕ), are crucial factors in the design process. In Fig. 1 (b)  the angle θ is assumed to be 30 36 

 ̊.The parameter   𝐵1 can be easily calculated based on the known angle and excavation depth. 37 

  

(a) (b) 

Fig. 1 Soil truss retaining structure: (a) three-dimensional view and (b) schematic cross-section 38 

STRS is widely used in urban excavations because of their relatively low construction cost, adaptability to 39 

restricted construction sites, and simple installation procedure. However, the system requires considerable working 40 

space and generally has a slower construction rate than modern retaining systems[4].  41 

These uncertainties arise from inherent spatial variability of soil properties, measurement errors, statistical 42 

uncertainty associated with limited site investigation data, transformation uncertainty,  and constitutive model 43 

uncertainty.[5]  Thus, it becomes necessary to utilize probabilistic  methods. In probabilistic analyses, parameters 44 

are no longer considered deterministic but are instead represented probabilistically.[6] However, consideration of 45 
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the spatial variability of soil properties can significantly increase the computational burden.[7]   Consequently, 46 

advanced sampling strategies and computationally efficient reliability methods are often required to make 47 

probabilistic analyses feasible for complex geotechnical systems.[8] 48 

Various probabilistic methods have been developed for reliability analysis in geotechnical engineering, including 49 

the First-Order Reliability Method (FORM), Second-Order Reliability Method (SORM), Monte Carlo Simulation, 50 

Response Surface Method (RSM), Importance Sampling (IS), and Subset Simulation (SS) [9-11]. Among these 51 

methods One of the common probabilistic analysis methods is the Monte Carlo method (MCS). which is a 52 

computational technique that uses random sampling to estimate numerical results. It is widely used for simulating 53 

complex systems, calculating probabilities, and approximating integrals that are difficult to solve analytically.[12] 54 

The MCS offers several advantages, including high flexibility, accurate uncertainty analysis, and broad 55 

applicability. However, its disadvantages include high computational demand and only approximate accuracy.[13]  56 

To enhance the efficiency of reliability-based analyses in geotechnical soils, researchers have generally relied on 57 

two main approaches. The first involves the development of simplified or surrogate performance functions to avoid 58 

the high computational cost associated with nonlinear and implicit soil behavior.[14-17] The second approach 59 

focuses on improving MCS efficiency by employing variance-reduction techniques, including Importance 60 

Sampling and Subset Simulation,[8, 18, 19] thereby enabling accurate probabilistic evaluation with fewer 61 

simulations. 62 

Duncan[20] considers uncertainty in geotechnical engineering to be inevitable. Duncan has provided typical ranges 63 

for the coefficient of variation of various geotechnical parameters. According to Duncan studies, the coefficient of 64 

variation for the internal friction angle generally ranges between 2% and 13%.  Phoon and Kulhawy[21] 65 

investigated the variability of soil parameters considering different soil types, noting that the degree of variability 66 

depends on the soil classification and the testing method used. They reported coefficients of variation for 67 

geotechnical parameters and showed that the coefficient of variation for the internal friction angle ranges from 7% 68 

to 20% when determined using direct shear tests, and from 10% to 15% when obtained from cone penetration tests 69 

(CPT). These ranges are generally consistent with the values reported by Duncan.[20] 70 
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Miar Naeimi et al[22] compared the FORM  and MCS for analyzing dam failure. They[22] concluded that both 71 

methods yield close results, with the MCS providing more accurate results in some cases. Additionally, the study 72 

found that when the MCS results were not precise, increasing the number of samples in the MCS led to more 73 

accurate outcomes. Sekhvatian and Janalizadeh [23] compared the MCS and RS methods in deep excavation 74 

analysis. Sekhvatian and Janalizadeh concluded that probabilistic analysis significantly reduces costs in deep 75 

excavation projects. Additionally, Sekhvatian and Janalizadeh found that both methods yield close results, but 76 

the MCS generally produces less error.  Arabani Nejad and Fakher [24] compared various probabilistic methods 77 

with software modeling methods. the results of the MCS are very close to those of the software modeling method, 78 

while the RS probabilistic method yields significantly different results. Overall, Arabani Nejad and Fakher[24] 79 

concluded that the MCS is a superior approach for evaluation, which aligns with the findings of Sekhvatian and 80 

Janalizadeh [23]  Sharma[25] compared the probabilistic MCS with the results of software analysis 81 

using PLAXIS and GeoStudio for an excavation. The findings indicate that for different sections of the excavation, 82 

there is a very good agreement between the MCS and the software methods. However, the results of the MCS are 83 

closer to those of PLAXIS, while in some cases, there is a slight difference compared to the results obtained 84 

from GeoStudio. 85 

Ghaffarpour  et al.[26] investigated the reliability of a soil nailing system for excavation stabilization using the 86 

MCS. Ghaffarpour  et al results indicated that as the excavation depth increases, the reliability index decreases, 87 

implying an increase in failure probability. In addition, it was found that increasing the reinforcing bar diameter 88 

improves system performance and leads to a higher reliability index. 89 

Wang et al.[27] performed a three-dimensional numerical modeling study combined with MCS simulation to 90 

evaluate the reliability of a nailed slope. they conducted a sensitivity analysis on internal friction angle and 91 

cohesion, by considering different coefficients of variation for each parameter. Their results showed that increasing 92 

the coefficient of variation of the internal friction angle leads to a reduction in the safety factor and an increase in 93 

failure probability. Similarly, an increase in the variability of cohesion also results in a lower safety factor and a 94 

higher probability of failure. In addition, they reported that the influence of cohesion variability on failure 95 

probability is more significant than that of the internal friction angle, indicating that cohesion is the more dominant 96 

parameter in controlling the reliability of the system.[28]  Zevgolis and Dafas [29] investigated the effect of the 97 
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correlation between the internal friction angle and cohesion on the probability of failure. They concluded that the 98 

correlation between cohesion and the internal friction angle does not significantly affect internal stability. 99 

However, it directly influences the external stability of the excavation, sliding stability, and static stability. 100 

Shabakhty et al.[30] investigated the reliability of the internal and external stability of reinforced soil retaining 101 

walls under static loading conditions. They examined the effects of various uncertain parameters, including soil 102 

internal friction angle, unit weight of soil, reinforcement strength, wall base friction angle, and applied surcharge, 103 

as well as the correlation between these variables on both internal and external stability. A sensitivity analysis of 104 

the influential random variables was also performed. For this purpose, the FORM was employed, and its results 105 

were validated using MCS simulation. In addition, the effect of correlation coefficients on the reliability index was 106 

investigated, and it was observed that correlation has a negligible influence in this study, as the reliability index 107 

for different failure modes, including bearing capacity and overturning, remained approximately constant with 108 

increasing correlation. 109 

Babu and Singh[31] evaluated the reliability of soil nailing systems using the FORM. They investigated the effect 110 

of variations in the internal friction angle on the reliability index. Their results showed that increasing the variability 111 

of the internal friction angle leads to a reduction in the reliability index across all failure modes, and consequently 112 

an increase in failure probability. This finding is consistent with the results reported by Shabakhty et al.[30]. 113 

Another important observation is that variations in the internal friction angle have the most significant impact on 114 

sliding stability compared to other failure modes, indicating that sliding is the most sensitive mechanism to changes 115 

in this parameter. 116 

Despite significant advancements in reliability-based geotechnical design, most existing studies have focused on 117 

conventional retaining systems such as diaphragm walls, anchored systems, and soil nailing, while relatively 118 

limited attention has been given to STRS within a probabilistic framework. In particular, reliability-based analyses 119 

of truss-supported excavation systems remain scarce in the literature compared to other well-established support 120 

methods. [21, 32]  121 

A number of studies in geotechnical engineering have traditionally employed deterministic approaches, while 122 

others have adopted simplified probabilistic frameworks with limited consideration of failure mechanisms and 123 

random variables[21] In many cases, the interaction between key design parameters such as excavation depth, 124 
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surcharge load, and truss spacing, together with the inherent uncertainty in soil properties, has been investigated 125 

only in a partial or case-specific manner rather than within a fully integrated reliability-based framework. In 126 

addition, the effects of probability distribution type and the correlation between soil parameters on system 127 

reliability have not been sufficiently addressed in previous research [33, 34]. 128 

The increasing demand for underground space in rapidly urbanized areas has made excavation works more critical 129 

than ever. The use of high safety factors in deterministic design often leads to overly conservative and 130 

uneconomical solutions. In contrast, probabilistic approaches that explicitly consider geotechnical uncertainties 131 

can provide more rational and cost-effective designs[32]. Moreover, neglecting the inherent variability of soil 132 

parameters may result in unsafe conditions and potential failures, while construction and design uncertainties can 133 

further affect the overall performance and reliability of geotechnical systems. Therefore, a more rigorous 134 

reliability-based framework is required to properly quantify these uncertainties and enhance both safety and 135 

efficiency.[4] 136 

2. Probabilistic Framework and Methodology 137 

2.1 Probabilistic Analysis 138 

Probabilistic analysis methods are widely used for evaluating and managing uncertainties and risks associated with 139 

the design and implementation of geotechnical projects. After defining the problem and determining the desired 140 

probability distribution, the required number of samples must be considered. The number of samples should be 141 

sufficient for the solution to converge. Convergence means reaching a stable solution such that increasing the 142 

number of samples does not change the result. The required number of samples to achieve convergence is usually 143 

determined through trial and error. However, as an initial approximation (where the required number of samples 144 

may be lower or higher), the coefficient of dispersion or coefficient of variation can be used. This coefficient is 145 

a statistical measure of the spread of data points around the mean and, for the probability of failure, is defined in 146 

Equation (1).  147 

COV = ௣௙ߤ௣௙ߪ =  √1 − .௙ܰ݌ ௙݌  Equation (1) 

where COV is the coefficient of variation of the estimated probability of failure, σₚf is the standard deviation of 148 

the estimated failure probability, μₚf is its mean value, Pₚf is the probability of failure, and N is the total number 149 
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of MCS samples. Equation (1) can be used to estimate the number of samples based on the required accuracy of 150 

the failure probability and the coefficient of variation. It is evident that the required number of samples may be 151 

greater or smaller than the value obtained from this equation [32].     In the MCS, the probability of failure for each 152 

parameter is calculated using the following equation: 153 

௙݌ = 1ܰ ∑ ܴ௜ே
௜=1  Equation (2) 

In this equation ܴ௜   can take two values: for the failure condition occurs ܴ௜ equals 1; otherwise, it equals 0. 154 

2.2 Design Procedure of STRS 155 

The geotechnical parameters adopted in this study were selected to represent typical sandy soil conditions 156 

commonly encountered in urban excavations. The values of the unit weight, internal friction angle, cohesion, and 157 

other soil properties were chosen within the ranges reported in the geotechnical literature for sandy soils and are 158 

considered representative of practical engineering conditions. Therefore, the selected parameters provide a 159 

realistic basis for evaluating the reliability of STRS under typical field conditions [20, 21, 29].  The values of 160 

geotechnical parameters are among the key factors in determining the forces applied to the truss. Table 1 presents 161 

the parameter values used in the present study. 162 

Table 1. Values of variables in the present study 163 

Parameter Title Symbol Unit Value 

Soil unit weight ߛ௦௢௜௟ ݇ܰ݉3 
20 

Excavation depth h m 3,20 

Surcharge load Q ݇ܰ݉2 
10 – 20 – 40 – 80 

Cohesion c ݇ܰ݉2 
0 , 50 

Internal friction angle ∅ degree 25 , 45 

Concrete unit weight ߛ௖௢௡௖௥௘௧௘  ݇ܰ݉3 
24 

Concrete compressive strength ௖݂ 35 ܽܲܯ 

Yield stress of steel ௬݂ 400 ܽܲܯ 

Pile diameter ܦ௣ m 0.8 

Footing thickness ௙ܾ m 0.5 

Distance between trusses S m 3 – 4 – 5 

By reviewing previous studies, the coefficient of variation is obtained and the mean values are considered 164 

according to Table 2 it is noteworthy that in this study the normal distribution function has been used to generate 165 

random numbers; however, the effect of using the log-normal distribution function has also been investigated. 166 
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Table 2. Random Variables 167 

Random Variable Unit Mean, μ Coefficient of Variation, COV (%) ∅ degree 35 15 

C kPa 25 25 

The loads applied to the truss include the surcharge on top of the excavation and the lateral force resulting from 168 

soil pressure. For calculating soil stress in the design of the retaining structure, the active state is considered 169 

critical. Therefore, the active stress is calculated using Rankine formula. [35] 170 

The use of a retaining structure is not necessarily always required, and the excavation may be stable without using 171 

a retaining structure. To investigate this issue, the concept of tensile crack must first be introduced. If the soil 172 

cohesion is high, the upper part of the excavation is subjected to tension. The depth at which the stress becomes 173 

zero is called the tensile crack depth (ht), which is calculated using Equation (3). 174 

ℎ௧ =  ௔ Equation (3)݇√ߛ2ܿ

where ℎ௧is the depth of tensile crack, ܿ is the soil cohesion, ߛ is the unit weight of soil, and ݇௔is the active earth 175 

pressure coefficient.  If the excavation depth is less than the stable depth of the excavation, there is no need for a 176 

retaining structure. The stable excavation depth is twice the tensile crack depth. Therefore, considering a safety 177 

factor of (FS=2), the stable excavation depth is calculated as Equation (4). 178 

௦ܪ = 2ℎ௧ܵܨ = ௔݇√ߛ2ܿ − ߛܳ  Equation (4) 

where ܪ௦ is the stability height, ℎ௧ is the depth of tensile crack, and ܵܨ is the factor of safety, while the remaining 179 

parameters are defined previously.  The stress acting on the retaining structure can take one of the two forms 180 

shown in Fig. 2. It is noteworthy that in this study, when the stress distribution is trapezoidal, the trapezoidal 181 

stress distribution is considered in its entirety as shown in  Fig. 2 (a) In contrast when the stress distribution on 182 

the retaining structure is triangular, the tensile stress zone is neglected, as shown in Fig . 2 (b) , because of the 183 

negligible tensile strength of soil, and only the compressive stress zone is taken into account. The   STRS is 184 

designed to prevent sliding, pile failure, footing failure, and shotcrete failure.The first type of failure examined 185 

in the present study is pile failure. To calculate the pile length, it is first necessary to determine the force applied 186 

to the pile which show in Fig . 2. In this figure, (ߪ௫) represents the distributed load acting on the truss due to the 187 
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active earth pressure at depth (H) and the spacing between trusses. To calculate the force acting on the pile, it is 188 

sufficient to apply the laws of statics. 189 

  

(a) (b) 

 190 

Fig. 2 Schematic representation of the loading conditions and tensile force components considered in the design of STRS: (a) 191 

trapezoidal stress distribution and (b) triangular stress distribution. 192 

The pile located at the lower end of the vertical truss member is designed based on tensile control. The tensile 193 

capacity of the pile is calculated using Equation (5): 194 

௨ܶ = ܹ + ܳ௙ Equation (5) 

where ௨ܶ is the ultimate tensile force, ܹ is the self-weight of the pile, and ܳ௙ represents the shaft resistance of 195 

the pile. To calculate the pile length, the weight of the pile must first be determined. For this purpose, Equation 196 

(6) is used. 197 

W = ௣4ܮ2݀ߨ ×  ௖ Equation (6)ߛ

where (gc) is the unit weight of concrete, (Lp) is the pile length, and (d) is the pile diameter. The shaft resistance 198 

of the pile is calculated using Equation (7). 199 

H 

T ௩ܲ 

𝐵1 

௫ܲ 

 ௫ߪ

(Compression) 

 ௫ߪ

 ௫ߪ

(Tension) 

(Compression) 

௫ܲ 

௩ܲ T 𝐵1 
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ܳ௙ = ∑ ′௜ߪ௜ߚ × ݎ݁ݐ݁݉݅ݎ݁݌) × ℎ)௜௡ݐ݈݃݊݁
௜=1  

Equation (7) 

ߚ = 2 − ; 0.75ݖ0.15                 1.8 ≥ ݖ ≥ 0.25 Equation (8) 

where ܳ௙  is the shaft resistance of the pile, ݊ is the number of soil layers, ߚ௜  is the shaft friction coefficient in 200 

layer i, ߪ௜′ is the effective vertical stress in layer i, and (ݎ݁ݐ݁݉݅ݎ݁݌ ×  ℎ)௜ represents the contact surface 201ݐ݈݃݊݁ 

area of the pile within layer i. Finally, after determining all the parameters in Equation (5 and considering the 202 

known force applied to the truss, the required pile length is obtained.[35] To determine the footing width, the 203 

bearing capacity equations proposed by Das [36] have been used which show in Equation (9): 204 ݍ௨ = )௙ܦߛ ௤ܰ − 1)݅௤ܵ௤ + 𝐵ߛ0.5 ఊܰ݅ఊܵఊ Equation (9) 

where ݍ௨ is the ultimate bearing capacity of the soil, ߛ is the unit weight of soil, ܦ௙ is the foundation depth, 𝐵 is 205 

the foundation width, ௤ܰ and ఊܰ are the bearing capacity factors, and ݅௤ , ݅ఊand ܵ௤ , ܵఊare the load inclination and 206 

shape factors, respectively. Another form of failure in the retaining structure is sliding under the effect of active 207 

earth pressure. In this case, the resisting factor is the shear strength of the soil at the footing base. 208 

To check sliding in an excavation, it is first necessary to calculate the driving and resisting forces. For this 209 

purpose, the driving force is initially calculated for the two loading conditions. Driving force under triangular 210 

loading: 211 

௔ܨ = ℎߛ)] + ܳ)݇௔ − 2ܿ√݇௔] 2ܪܵ  Equation (10) 

ܪ = ℎ − ℎ௧ Equation (11) 

where ܨ௔ is the resultant active earth force, In the case of trapezoidal loading, the driving force is obtained from 212 

the following formulation: 213 

௔ܨ = ℎߛ)]] + ܳ)݇௔ − 2ܿ√݇௔] + ݁݌݋݈ݏ × ℎ௧] 2ܪܵ  Equation (12) 

where the additional term slope represents the inclination of the stress field.  Once the driving force is 214 

determined, the next step is to calculate the resisting force. For this purpose, Equation (13) which is based on 215 

the Rankine theory, is used. It should be noted that in Equation (13), (t) represents the footing thickness, and the 216 
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factor (
23) in the last term of the equation is included to account for the contact area between the soil and the 217 

structure. [36] 218 

௣ܨ = ݇௣ߛ 2݀ ௣2ܮ + 2ܿ√݇௣(݀ܮ௣ + 𝐵ݐ) + [ܿ × 24݀ߨ) + 𝐵2)] + ݇௣ 2ݐ) 𝐵2) ߛ
+ ߛ] × 24݀ߨ) ௣ܮ + [(ݐ𝐵2ߛ tan(23 ∅) 

Equation (13) 

where ܨ௣  is the passive force, ݀ is the pile diameter. Finally, the factor of safety against sliding is calculated using 219 

Equation (14). In this equation, the design factor of safety is considered to be 1.5 due to the temporary nature of 220 

the retaining structure. If the calculated factor of safety is less than this value, sliding will occur; otherwise, sliding 221 

will not occur. 222 

௦ܰ = ௔ܨ௣ܨ ≥ 1.5 Equation (14) 

where ௦ܰ is the stability factor. For designing the cover between the trusses, shotcrete is used. To design the 223 

shotcrete, it is first necessary to convert the load applied to the retaining structure into an equivalent load, so that 224 

a uniform distributed load acts on the shotcrete layer. 225 

To equivalently represent a triangular load, the simplifying assumption shown in Fig . 3 (a) is used to convert the 226 

triangular load into an equivalent uniform load. In this assumption, the total force exerted by the triangular load 227 

is equal to that of the equivalent uniform load.  228 

Another loading condition is trapezoidal loading. In this case, the equivalent uniform load is also equal to the 229 

total force exerted by the trapezoidal load. Fig . 3 (b) illustrates the method of converting a trapezoidal load into 230 

an equivalent uniform load.  231 



12 

 

 

(a) (b) 

Fig. 3 Conversion of stress distribution: (a) from trapezoidal to rectangular, (b) from triangular to rectangular  232 

To determine the shotcrete thickness, it is first necessary to calculate the shear force and bending moment acting 233 

on the shotcrete. For this purpose, using the results shown in Fig. 4, obtained from structural analysis, the 234 

maximum shear force and bending moment on the structure can be easily determined. 235 

To calculate the shear force, the relevant coefficients are multiplied by the surcharge load. Similarly, to calculate 236 

the bending moment, the coefficients related to bending moment between the trusses are multiplied by the 237 

surcharge load.[37] 238 

 

Fig. 4 Structural Analysis [37] 239 

ACI 318-14 [37] expresses the shear capacity of shotcrete according to Equation (15). Assuming the use of an 240 

IPE220 section at the specified spacing between trusses so shear force can be calculated simply. 241 

௫തതതߪ = ௫೟ߪ + ௫್2ߪ  

 

 ௫್ߪ

 ௫೟ߪ

௫തതതߪ ௫್ߪ = ௫್2ߪ  
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௖ܸ = 16 √ ௖݂ܾ݀ Equation (15) 

where ௖ܸ  is the shear capacity, ௖݂ is the compressive strength of concrete, ܾ is the width of the section  and ݀ is the 242 

effective depth. 243 

After calculating the shear force, the bending check of the shotcrete is also performed. The equations provided in 244 

ACI 318-14 are used to determine the flexural moment capacity. For bending verification, this code is based on 245 

the assumptions of classical bending theory.[37] Equation (16) determines the value of the bending moment. 246 

Then, using the calculated moment, the required steel reinforcement area is obtained from Equation (17). 247 ܯ௔ = ′௫ݓ0.08 ×  Equation (16) 2݃݊݅ܿܽ݌ܵ

ߩ = 1݉ (1 − √1 − 2ܴ݉௡݂ ) Equation (17) 

where ܯ௔ is the design bending moment, ݓ௫′  is the design lateral load per unit length, and Spacing is the spacing 248 

between adjacent trusses. ߩ is the reinforcement ratio, ݉ is the modular parameter, ܴ௡is the nominal moment 249 

coefficient, and ݂ is the yield strength of reinforcing steel. 250 

The calculations were performed according to the MCS. Using the truss spacing and the surcharge magnitude, 251 

the probabilities of sliding, pile failure, footing failure, and shotcrete failure were evaluated and presented 252 

graphically. 253 

2.3 Determination of the Required Number of  MCS Samples  254 

checking convergence in the MCS is the first step in solving the problem. For this purpose, a surcharge equivalent 255 

to a two-story building (20 kPa) and a truss spacing of 4 m were selected. Next, the required number of data 256 

samples to achieve convergence must be evaluated for the probability of sliding, pile failure, footing failure, and 257 

shotcrete failure. 258 

In this study, the convergence criterion is defined as a difference of less than 2% between successive results. 259 

Table 3 presents the number of data samples required to achieve convergence for each of the aforementioned 260 

cases. 261 

 262 

 263 

 264 
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                                       Table 3. Number of samples required for convergence  265 

Required sample size Failure mode 

2000 Sliding 
10000 Pile 

10000 Footing 

10000 shotcrete 
 266 

3.Results and Discussion 267 

3.1 Effect of Surcharge Load 268 

One of the parameters that directly affects the design of the retaining structure and, consequently its stability, is 269 

the surcharge adjacent to the excavation. This value may be subject to errors or may change between the design 270 

stage and the construction stage of the retaining structure. 271 

in this study the surcharge adjacent to the excavation was considered variable, with values of 10 kPa, 20 kPa, 40 272 

kPa, and 80 kPa, and its effect on the probability of sliding was evaluated. 273 

A noteworthy aspect of this study is that sliding and structural failure are evaluated under two different scenarios: 274 

design inadequacy and probability of failure. In the design inadequacy analysis, the same factor of safety is 275 

adopted for all cases to ensure a consistent basis for comparison. In contrast, for the probabilistic analyses of 276 

sliding and failure, a factor of safety equal to unity is assumed for designs based on laboratory-determined soil 277 

parameters. For the remaining probabilistic analyses, the required factor of safety is selected in accordance with 278 

relevant design codes. Finally, the design parameters obtained using the code-prescribed safety factors are 279 

compared with those corresponding to a factor of safety of unity to evaluate the influence of safety factor selection 280 

on the probability of failure and the reliability of the retaining system. 281 

3.1.1 Sliding Reliability Assessment  282 

Surcharge has a direct influence on both design inadequacy and the probability of sliding. As shown in Fig. 5, 283 

increasing the surcharge increases the design inadequacy of sliding, and this effect becomes more pronounced as 284 

the spacing between trusses increases. In addition, sliding inadequacy becomes unavoidable at greater excavation 285 

depths, indicating that sliding should be considered a critical design criterion for truss retaining systems. Although 286 

truss spacing directly affects sliding inadequacy, the difference between various truss spacings decreases with 287 

increasing surcharge. Fig. 5 also presents the probability of sliding. The results indicate that the overall trend is 288 

consistent with that observed for design inadequacy. In both analyses, increasing the surcharge and truss spacing 289 
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leads to a higher likelihood of sliding, highlighting the necessity of carefully addressing sliding stability in the 290 

design of STRS. 291 

 

(a) (b) (c) 

Fig. 5 Effect of surcharge on the probability of design inadequacy and reliability of sliding for different truss spacings: (a) 292 

truss spacing = 3 m, (b) truss spacing = 4 m, and (c) truss spacing = 5 m. 293 

3.1.2 Pile Reliability Assessment  294 

Surcharge load is a key parameter governing pile length design and, consequently, the design inadequacy and 295 

failure probability of the pile system. As illustrated in Fig. 6 (a), an increase in surcharge leads to a corresponding 296 

rise in pile design inadequacy. For excavation depths greater than 8 m, the design inadequacy converges to 297 

approximately 50% for all considered surcharge levels, indicating a stable probabilistic response at larger depths. 298 

The influence of truss spacing is also reflected in this analysis; however, its effect is only introduced through a 299 

proportional scaling in the design procedure, resulting in a uniform adjustment of the pile length without altering 300 

the overall failure trend.  As a result, it induces a proportional change in the designed pile length for both 301 

laboratory-based and probabilistic parameter sets, and therefore does not significantly affect pile design 302 

inadequacy. 303 
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Fig. 6 (b) presents the probability of pile failure. The results indicate that at shallow excavation depths, the 304 

probability of failure is relatively high, suggesting that a conventional safety factor is necessary under such 305 

conditions. However, with increasing depth, this deterministic safety factor becomes less efficient and may lead 306 

to non-conservative or uneconomical designs. In addition, an increase in surcharge results in a reduction in the 307 

probability of pile failure, implying that the use of a fixed safety factor under high surcharge conditions may lead 308 

to overly conservative and uneconomical designs. Finally, truss spacing has no significant influence on the 309 

probability of pile failure, consistent with the behavior observed in the design inadequacy analysis.  310 

  

(a) (b) 

Fig. 6 Effect of surcharge for pile truss spacing = 4 m: (a) probability of design inadequacy (b) reliability of pile failure 311 

3.1.3 Footing Reliability Assessment  312 

Based on equilibrium considerations, the load acting on the footing—and consequently its required dimensions—313 

is directly dependent on the surcharge load. As shown inFig. 7 (a), an increase in surcharge results in a higher 314 
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footing design inadequacy. For excavation depths greater than 10 m, the design inadequacy converges to 315 

approximately 50% for all considered surcharge levels, indicating a stable probabilistic response at larger depths. 316 

The effect of truss spacing on footing design inadequacy can also be examined through equilibrium relations. 317 

Since the load transferred to the footing is identical to that of the pile, a similar design rationale is adopted, leading 318 

to a proportional variation in footing dimensions for both deterministic (laboratory-based) and probabilistic 319 

designs. Consequently, footing design inadequacy is independent of truss spacing.  320 

Probability of footing failure presents in Fig. 7 (b). In general, an increase in lateral loading (due to higher 321 

surcharge or greater excavation depth) leads to a reduction in the probability of failure, indicating that the use of 322 

conventional safety factors may become uneconomical under low lateral load conditions. Moreover, truss spacing 323 

has no significant influence on the reliability of the footing system. 324 

  

(a) (b) 
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Fig. 7 Effect of surcharge for footing truss spacing = 4 m: (a) probability of design inadequacy (b) Reliability of footing 325 

failure 326 

3.1.4 Shotcrete Reliability Assessment  327 

The lateral earth pressure acting on the shotcrete lining is dependent on the surcharge load. Accordingly, the 328 

design thickness of shotcrete is directly governed by the magnitude of the lateral load, increasing under higher 329 

loading conditions and decreasing when the load is reduced. Assuming a normal distribution of the governing 330 

load, approximately half of the realizations exceed the design value, while the remaining half are lower, resulting 331 

in a design inadequacy level of about 50%. As shown inFig. 8 (a), this behavior is correctly captured, where the 332 

shotcrete design inadequacy remains approximately constant at 50% and is not affected by changes in surcharge. 333 

This outcome is consistent with the adopted design framework. 334 

Although truss spacing influences the magnitude of the lateral load, it does not affect the probabilistic design 335 

outcome; therefore, the shotcrete design inadequacy remains approximately 50% regardless of truss spacing.Fig. 336 

8 (b) presents the probability of shotcrete failure. The results indicate that an increase in lateral loading (due to 337 

higher surcharge or greater excavation depth) leads to a reduction in failure probability, suggesting that the use 338 

of conventional safety factors under low loading conditions may be uneconomical. Finally, truss spacing has no 339 

significant influence on the reliability of the shotcrete system. 340 
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(a) (b) 

Fig. 8 Effect of surcharge for truss spacing = 4 m: (a) probability of design inadequacy for shotcrete (b) Reliability of 341 
shotcrete failure[  342 

3.2 Effect of Probability Distribution Function 343 

Another parameter examined in this study is the effect of the probability distribution function on failure 344 

probability. The following sections investigate the impact of changing the distribution function from normal to 345 

log-normal on various failure scenarios. 346 

The effect of the distribution function on the probability of sliding for a truss spacing of 4 m is illustrated in  Fig . 347 

9 (a). As can be observed, the influence of the distribution function decreases as the lateral force increases, which 348 

may result from either an increase in excavation depth or surcharge load. Consequently, at sufficiently high lateral 349 

forces, the probability of failure becomes nearly independent of the assumed distribution function, such that the 350 

probabilities obtained from normal and log-normal distributions converge and remain essentially unchanged 351 
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despite variations in the distribution model. However, under low lateral forces, the probability of sliding is lower 352 

for the log-normal distribution compared to the normal distribution. 353 

The effect of the distribution function on the probability of pile failure for a truss spacing of 4 m shows in Fig. 9 354 

(b). The results indicate that the choice of distribution function plays a significant role in evaluating pile failure 355 

probability. As observed, for a surcharge of 80 kPa, the probability of failure predicted by the normal distribution 356 

is consistently higher than that predicted by the log-normal distribution at all excavation depths. The influence of 357 

the distribution function is more pronounced at lower surcharge levels; for instance, under a surcharge of 10 kPa, 358 

the normal distribution yields a higher probability of failure than the log-normal distribution. Moreover, an 359 

important observation is that, when the log-normal distribution is adopted, convergence of the failure probability 360 

is reached more rapidly than when the normal distribution is used. 361 

The distribution function also affects the probability of footing failure.  Fig. 9 (c) illustrates this effect for a truss 362 

spacing of 4 m.  A noteworthy observation is that the impact of changing the distribution function on footing 363 

failure probability is similar to its effect on pile failure probability. In other words, when using the normal 364 

distribution, the probability of footing failure is higher at all depths and for all surcharges compared to the case 365 

using the log-normal distribution. Another point to note is that the choice of distribution function affects 366 

convergence in failure probability. Overall, using a log-normal distribution results in a lower probability of failure 367 

than using a normal distribution. 368 

The distribution function also influences the probability of shotcrete failure. However, no significant change in 369 

the overall failure behavior is expected.  Fig. 9 (d) illustrates the effect of the distribution function on shotcrete 370 

failure probability. A noteworthy observation in this figure is that the probability of failure is higher when using 371 

the log-normal distribution, which is opposite to the trend observed for pile and footing failure probabilities.  372 
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(a) (b) 

  

(c) (d) 
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Fig. 9 Effect of probability distribution type on the probability of design inadequacy for different failure modes at a truss 373 

spacing of 4 m and surcharge loads of 10 and 80 kPa: (a) sliding, (b) pile failure, (c) footing failure, and (d) shotcrete 374 

failure. 375 

3.3 Effect of Correlation between Soil Parameters 376 

The correlation coefficient between the soil internal friction angle and cohesion is an important indicator that can 377 

provide substantial information about the combined behavior of these two parameters. The existence of 378 

correlation between soil shear strength parameters can be considered reasonable to some extent, because the 379 

internal friction angle and cohesion are, in most cases, introduced jointly into governing equations. In the 380 

following, the effect of correlation on probability of sliding, probability of pile failure, probability of shotcrete 381 

failure, and probability of footing failure is examined. In all cases, the spacing between trusses is assumed to be 382 

4 m. 383 

The effect of correlation between internal friction angle and cohesion on sliding probability is shown in   Fig. 10 384 

(a, b). From this figure, it can be concluded that when the surcharge magnitude is not significant, the effect of 385 

correlation becomes apparent. As this coefficient moves away from zero and increases the dependency between 386 

internal friction angle and cohesion (either directly or inversely), its influence becomes more pronounced. 387 

Another conclusion drawn from this figure is that when the lateral force increases (due to surcharge or increased 388 

excavation depth), the effect of correlation diminishes, and the overall trend of sliding probability does not change 389 

despite the presence of correlation. 390 

The effect of the correlation between the internal friction angle and soil cohesion on the probability of pile failure 391 

is illustrated in  Fig. 10 (c, d).   The influence of correlation on pile failure probability is such that, with increasing 392 

excavation depth or surcharge load, the effect of correlation diminishes and the overall trend of pile failure 393 

probability remains unchanged. However, when the surcharge is small or the considered depth is shallow, moving 394 

the correlation coefficient away from zero—and thus increasing the dependency between internal friction angle 395 

and cohesion, whether directly or inversely—leads to an increase in the probability of pile failure. 396 

The effect of the correlation between the internal friction angle and soil cohesion on footing failure probability is 397 

shown in  Fig. 10 (e, f). The influence of correlation on footing failure probability is similar to its effect on sliding 398 

probability. In other words, when the lateral force becomes large, the effect of the correlation coefficient 399 
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diminishes. However, when the lateral force decreases, the greater the dependency between the internal friction 400 

angle and cohesion, the higher the probability of failure. Fig. 10 (g, h) illustrates the effect of the correlation 401 

between the internal friction angle and soil cohesion on the probability of shotcrete failure. As the correlation 402 

coefficient changes under different surcharge loads and excavation depths, the probability of shotcrete failure 403 

does not change. 404 

 405 

 

(a) (b) 
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(c) (d) 

 

(e) (f) 
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(g) (h) 

Fig. 10 Effect of the correlation between internal friction angle and cohesion on the probability of design inadequacy under 406 

different surcharge loads: (a, b) sliding, (c, d) pile failure, (e, f) footing failure, and (g, h) shotcrete failure; (a, c, e, g) 407 

surcharge = 10 kPa and (b, d, f, h) surcharge = 80 kPa.  408 

4. Summary and Conclusions 409 

The reliability of the trussed retaining structure was evaluated using MCS simulation implemented in MATLAB. 410 

The study systematically investigated the effects of key parameters, including excavation depth, surcharge load, 411 

truss spacing, soil shear strength parameters, and statistical uncertainty, on multiple failure modes such as sliding, 412 

pile failure, footing failure, and shotcrete failure. 413 

A total of 10,000 MCS samples was found to be sufficient to achieve stable convergence of the estimated 414 

reliability indices for all analyzed failure modes, while maintaining an appropriate balance between 415 

computational efficiency and simulation accuracy. 416 

The results demonstrate that surcharge load plays a dominant role in sliding behavior. Specifically, increasing 417 

surcharge significantly raises sliding probability, with its influence becoming more pronounced at greater 418 

excavation depths. In contrast, for pile and footing failure modes, surcharge has a strong effect in shallow 419 
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excavations; however, as depth increases, the failure probabilities tend to converge toward approximately 50%, 420 

indicating that lateral earth pressures become the governing factor. 421 

For shotcrete behavior, failure probability is largely independent of surcharge variations due to the fixed-load-422 

based design assumption, resulting in an approximately constant reliability level across different loading 423 

scenarios. 424 

Truss spacing significantly influences sliding probability, where larger spacing reduces system stability against 425 

sliding. However, its effect on pile, footing, and shotcrete failure modes is negligible, since its influence is 426 

uniformly distributed in the load transfer mechanism. 427 

The choice of probability distribution function has a noticeable impact on reliability results. In general, lognormal 428 

distributions lead to lower failure probabilities compared to normal distributions for most failure modes, while 429 

shotcrete exhibits the opposite trend due to its formulation. 430 

Soil parameter correlation shows limited influence under high lateral loading conditions; however, under lower 431 

loading levels, increased correlation leads to higher failure probabilities across all examined modes, particularly 432 

for sliding and bearing-related failures. 433 

This study contributes to a more comprehensive reliability-based assessment of trussed retaining systems by 434 

integrating multiple failure mechanisms within a unified probabilistic framework and by evaluating the combined 435 

effects of key geotechnical and structural parameters. 436 

Several limitations of the present study should be acknowledged. Spatial variability of soil properties was not 437 

modeled using random field theory, and progressive or system-level failure mechanisms were not explicitly 438 

considered. In addition, the analysis was based on  MCS, which may become computationally demanding for more 439 

complex three-dimensional configurations. Furthermore, field validation was not performed, and only normal and 440 

lognormal distributions were considered.  Future work should address these limitations by incorporating spatial 441 

variability, advanced sampling.  442 
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