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Abstract


In this paper, a comparative analysis of the effects of groundwater, seepage and hydraulic heave on the optimal design of embedded retaining walls is carried out. The optimization model for an optimal retaining wall (ORW) minimizes the total length of the retaining wall considering design constraints. The model is extended to include the probability of failure as an additional constraint. This overcomes the limitations of the partial safety factor approach, which does not fully account for uncertainties in the soil. In contrast, the reliability-based design (RBD) approach integrates these uncertainties and enables an assessment of the impact of seepage and hydraulic heave on the reliability of the structure. A real-coded genetic algorithm was used to determine optimal designs for both optimization methods. The results of the case study show that the addition of seepage (groundwater flow) to the hydrostatic conditions has a modest effect on the embedment depth. The design based on partial safety factors, which takes seepage into account, leads to a slight increase in the embedment depth of 0.94% compared to a retaining wall design that only takes the hydrostatic conditions of the groundwater into account. When designing on the basis of probability failure, the percentage increase in embedment depth due to seepage is between 2.19% and 6.41%, depending on the target probability of failure. Furthermore, the hydraulic heave failure mechanism did not increase the required embedment depth of the retaining wall, which means that the failure mechanism of rotation near the base was decisive for the design.
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1. Introduction


Embedded retaining walls are structural elements used to support soil or rock and prevent movement during excavation or slope stabilization projects. Embedded walls are usually constructed as prefabricated walls or as in situ walls. When groundwater and seepage are present, the design of these walls becomes even more complex due to the added hydrostatic pressure and potential instability from water flow. Groundwater can exert significant pressure on the wall and increase bending moments and shear forces, which must be considered in the design. In addition, seepage of water through the soil can lead to erosion, heave or piping, jeopardizing the integrity of the wall and soil.



The design process includes determining the embedment depth of the wall, selecting appropriate materials and providing suitable drainage measures to manage water pressure and prevent saturation of the soil. Stability analyses, such as limit equilibrium and finite element methods, are used to evaluate the performance of the wall under different groundwater conditions. Overall, effective groundwater and seepage management is critical to the long-term stability and safety of embedded retaining walls [1,2]. Several methods have been developed to calculate the seepage fields in deep excavations, whereby the conductivity in the layers plays an important role in determining the water head and the distribution of the streamlines [3].



The design of retaining walls has been studied and documented in detail by numerous researchers and engineers. These designs generally comply with the guidelines and requirements of European, American and British standards, which provide a comprehensive framework for ensuring structural safety and stability. The Eurocode 7 [4] provides detailed methods for analyzing the effects of various factors that can influence the performance of retaining walls, such as soil properties, external loads and the presence of groundwater [5,6,7,8].



Due to the need to develop structures that are both economical and have sufficient safety and performance standards, optimization methods have become an integral part of the design process for embedded retaining walls. The optimization process involves the systematic investigation of a wide range of possible solutions to find the one that provides the best balance between performance, durability and cost efficiency. Various advanced optimization algorithms, such as genetic algorithms, particle swarm optimization and other meta-heuristic approaches, have already been successfully applied in this context [9,10,11,12,13].



Although significant progress has been made in the optimization of embedded retaining walls, there are still challenges in accurately modeling the effects of groundwater and seepage [3]. Accurately capturing these influences is crucial for predicting the behavior of retaining structures under different conditions. Advanced numerical techniques such as finite element analysis are often used to simulate the complicated interactions between wall, soil and water. However, for these simulations to provide reliable results, the models must be carefully calibrated with real data from observations and on-site measurements. This calibration process is crucial for improving the accuracy and reliability of the models in reproducing actual field conditions. Several authors have therefore developed numerical models with in situ data to enable reliable design for different conditions [14,15,16,17,18].



Reliability-based design (RBD) could provide a more robust approach to the consideration of uncertainties associated with seepage and groundwater in the design of embedded retaining walls. Unlike conventional design methods, which often rely on deterministic values and partial safety factors to account for uncertainties, RBD explicitly considers the probabilistic nature of key random variables, such as cohesion, friction angle and the unit weight of soil. In this approach, the probability of failure is assessed considering the inherent uncertainties in soil properties, hydrostatic groundwater conditions and seepage behavior, resulting in a more comprehensive assessment of the safety and performance of the wall. In the design of embedded retaining walls, RBD enables engineers to systematically quantify the effects of uncertainties in groundwater levels, flow patterns and soil–water interactions [19,20]. It uses statistical methods to model these variables as random parameters, reflecting their natural variability and lack of predictability in practice. By integrating these uncertainties into the design process, RBD provides a clearer understanding of the range of possible outcomes and identifies the likelihood of different failure modes, such as instability due to fluctuating groundwater pressure or unexpected seepage flows [21,22,23,24]. The rotational and structural stability of cantilever retaining walls was evaluated by Daryani and Mohamad [19] using a reliability analysis that also considers the effects of the variability of key design parameters on the reliability of the wall.



The optimization of embedded retaining walls in the presence of groundwater and seepage requires a comprehensive approach that combines advanced optimization methods. By considering the uncertainties and complexities associated with the effects of groundwater, engineers can produce designs that are both reliable and capable of maintaining long-term stability. To achieve this, the optimization model for retaining walls (ORW) was developed. The optimization model includes several failure mechanisms such as rotational failure and piping. The case study suggests that reliability-based design can provide a better understanding of optimal design in terms of safety and has been shown to be more sensitive to capture the effects of seepage based on the case study. Therefore, RBD can offer greater certainty regarding the retaining wall’s capacity to withstand uncertain conditions, including hydrostatic pressures and seepage (groundwater-flow), ultimately leading to more optimized structures. This paper also emphasizes the advantages of using a probabilistic framework as a design method over a deterministic approach based on partial safety factors. The proposed approach allows a direct comparison between the two design methodologies as it includes an optimization-based evaluation.




2. Optimization Model for the Embedded Retaining Wall


To optimize the design of an embedded retaining wall using an Excel-based evolutionary algorithm, the design problem was formulated and presented in an Excel spreadsheet for data structuring and analysis. Excel Solver (Version 2301) was then used as a platform for developing the mathematical model and managing the data input and output. The resulting optimization model (ORW) consists of input data (constants), variables and an objective function designed to minimize the total embedment depth of the wall while adhering to geotechnical and design constraints. Each row in the spreadsheet represents a unique combination of random input data and calculates the failure probability (0 for no failure, 1 for failure) based on the current embedment depth. The actual failure probability, defined as the sum of all row failures, is used as a constraint. Solver iteratively adjusts the embedment depth to find the shortest possible value that ensures the actual failure probability remains below the target failure probability, resulting in a safe and efficient design.



The ORW model integrates these components with constraints that ensure the objective function conforms to geotechnical design standards. The input data are based on specific project requirements and site conditions that are critical for optimal design. The model also includes several geometric variables, as shown in Figure 1.



2.1. Objective Function and Geotechnical Constraints of the Optimization Model


The objective function aims to minimize the total length of the embedded retaining wall required to support the specified load. It includes three key parameters: L, the total length of the wall; Hnom, the excavation depth; and dnom, the embedment depth, as defined in Equation (1).


    min  ⁡  L =   H   n o m   +   d   n o m      



(1)







Geotechnical analysis forms the basis for the optimization model. It considers all design constraints that ensure stability while minimizing the length of the wall. This analysis follows the guidelines of Eurocode 7 and considers both the bearing soil and all additional surcharge loads. The design must fulfill three main conditions:




	
Balance the horizontal forces from active and passive earth pressure.



	
Ensure that the moments generated by the active and passive earth pressure are balanced.



	
Prevent failure due to hydraulic heave.








The proposed optimization model (see, Figure 1) includes the following input data (constants): The shear angle of the soil on the active and passive side φ′k [°], uniformly distributed surcharge load qQk [kN], slope angle β [°], whether groundwater is found behind the retaining wall at the surface level and in the excavated hole also at the surface level (see Figure 1) with the unit weight γw [kN/m3], cohesion of soil on the active and passive side c′k [kPa], reduction coefficient on the active side ka [-] and reduction coefficient on the passive side kp [-], unit weight of soil γk [kN/m3] and the height of the excavation Hnom. To optimize the design based on Eurocode 7, for design approach 2, the following partial safety factors were used: the partial safety factor for permanent actions SFG [-], the partial safety factor for favorable permanent actions SFG,fav [-], the partial safety factor for variable actions SFQ [-], the partial safety factor for the shear angle SFφ [-], the partial safety factor for cohesion SFc [-] and the partial safety factor for earth resistance SFRe [-].



Furthermore, according to Eurocode standards, the design values for the groundwater pressure can be determined either by applying partial safety factors to the characteristic water pressures or by including a safety margin on the characteristic water level height. In this study, the latter approach was used, which assumes that the groundwater level reaches the ground surface and is at its highest possible point [25]. The optimum design is found based on the above-mentioned input data.



In addition, the geotechnical conditions that must be met are defined using the equations summarized in Table 1. The optimization model ORW is therefore constrained by Equation (2), which limits the horizontal forces on the active side HEd with the resistance forces on the passive side HRd. The total horizontal force HEd (Equation (2a)) on the active side of the embedded retaining wall is the sum of the active earth pressure and surcharge load HEd,z,i and the horizontal force due to the presence of groundwater HEd,w,i. The horizontal forces due to soil and surcharge load are calculated using Equations (2b)–(2e). The horizontal forces due to the presence of groundwater are considered using Equations (2f)–(2i). The horizontal effective stresses σ′a,d,i required for the calculation of the horizontal forces and are calculated using Equations (2j)–(2m) and represent the design values as they are multiplied with partial safety factors. In addition, the effective vertical stresses σ′v,k,i caused by the weight of the soil are determined using Equations (2n)–(2r). Since in some cases the water flow is also taken into account, the change in water pressure Δua,i is determined by Equations (2s)–(2v). The individual water pressures at a certain depth ua,i are further calculated using Equations (2z)–(2ac). The resistant horizontal force HRd, which represents the passive side of the embedded retaining structure, is described by Equation (2ad) and is the sum of the resistances due to the soil HRd,z,i and the resistance due to the existing groundwater HRd,w,i. The resisting horizontal force is therefore calculated using Equations (2ae) and (2af). It is important to note that these resistances are reduced by the partial safety factor SFRe. Equations (2ag) and (2ah) are used to calculate for the resistance provided by groundwater, if present. The design horizontal stresses on the passive side σ′p,d,i are determined using Equations (2ai) and (2aj) and the required vertical stresses σ′v,k,i using Equations (2ak) and (2al). In addition, seepage is considered on the passive side, which requires the calculation of the changes in water pressures Δup,i and initial water pressures up,i on the passive side described by Equations (2am) and (2an), further using Equations (2ao) and (2ap). As the model considers several possible scenarios (no groundwater, presence of groundwater (hydrostatic conditions), seepage), the equations in Table 1 are therefore adjusted accordingly. To consider the effects of seepage (groundwater flow), we have used the recommendations from DIN 4085:2011-05 [26].



If no groundwater is present, the unit of weight is defined as given in Equations (2ar) and (2as). If groundwater is present, Equations (2at) and (2au) are used to determine the unit weight of soil. If water flow is also considered, Equations (2av) and (2az) must be used. If seepage is considered, the hydraulic gradient on the active side, ia (Equation (2ba)), and on the passive side, ip (Equation (2bb)), must be calculated. The hydraulic gradients are calculated according to the standard DIN 4085:2011-05 [26]. In order to take into account the influence of seepage, the weight of the soil on the active side γk,a is increased with the calculation method, which reduces the water pressures. On the passive side, the unit weight γk,p is reduced in the calculation, which increases the water pressures. These calculation methods, which involve increasing or decreasing the unit weight of the soil, have a direct effect on the effective stresses in the soil. While this approach does not fully capture the true mechanical behavior, it provides a valid simplification for computational purposes, eliminating the need for determining flow nets and calculating actual pore water pressures. This concept is illustrated in Figure 2. Line 1 represents the original water pressures, while line 2 shows the water pressures after an increase on the passive side. On the active side, the situation is similar: line 4 shows the original water pressure distribution, and line 3 the water pressures after reduction by groundwater flow.



The active and passive earth pressures are calculated in accordance with Eurocode 7-1 [4]. The coefficients for the active and passive earth pressure, which result from the self-weight of the soil Kaγh, Kpγh, the cohesion Kach, Kpch and the uniform surcharge load Kaqh, are determined using Equations (2bc)–(2bh). The design values for the shear angle of the soil φ′d, the friction angle between the structure and the soil δ′d and the cohesion cd are obtained from Equations (2bi)–(2bk).



Equation (3) outlines the condition for the verification of the moments due to active pressures MEd and passive pressures MRd. The moment on the active side includes contributions from the weight of the soil and the applied load in the backfill MEd,z,i as well as the moments due to groundwater MEd,w,i, which are calculated using Equations (3a)–(3i). The resisting moments on the passive side acting within the embedded retaining structure are calculated using Equation (3j) and include the moments due to the self-weight of the soil MRd,z,i and due to groundwater MRd,w,i, as given in Equations (3k)–(3n). Equation (4) must be fulfilled to prevent hydraulic failure due to hydraulic heave, where     G   d , s t b   ′     is the design submerged weight of a soil column that is being destabilized by the design seepage force     S   d , d s t    . Further     G   d , s t b   ′     is calculated according to Equation (4a) and     S   d , d s t     is calculated with Equation (4b). The total head pressure hs is defined with Equation (4c). Further, Equation (4d) defines the average pressure head h1 where it is assumed that the ratio of equipotential lines and flow lines in a flow net is constant at 0.5 [25]. The height h2 is described by Equation (4e) and is equal to the embedment depth dd.



Lastly, it should be noted that normal levels of site control were employed, and therefore   Δ H   for over digging was considered with Equation (4g). All relevant equations for the optimization are listed in Table 1.




2.2. Expanded Optimization Model with a Target Probability of Failure


The deterministic model outlined in Table 1 is expanded by a conditional equation for calculating the probability of failure, so that the embedded retaining structure can be optimized based on a defined probability of failure. The optimization model thus searches for a solution that satisfies the failure probability specified as an input parameter. It is important to note that in this expanded model, some input parameters, which will be explained in more detail in the next chapter, are treated as random variables. In addition, the geotechnical conditions from Table 1, specified by Equations (2)–(4), are integrated into the conditional equation for the probability of failure (Equation (5)). The equation is expressed as follows:


  A F P =      ∑  1   i    A ( i )     i    ≤ T F P  



(5)






  I f          H   E d     i         H   R d     i      ≥ 1   o r          M   E d     i         M   R d     i      ≥ 1   o r        G   d , s t b   ′ i       S   d , d s t   i      ≥ 1 ; t h e n   A   i   = 1 ; e l s e   A   i   = 0  



(6)




where i denotes the number of samples, TFP represents the target failure probability and AFP represents the actual failure probability. Figure 3 illustrates the two optimization methods, optimization based on Eurocode guidelines (methodology 1) and design optimization based on target reliability (methodology 2), and highlights the main differences between them.



The main difference between methodology 1 and methodology 2 as shown in Figure 3 is that a new condition is added (C4) that connects condition 1, 2 and 3 with a target probability of failure. Also, the input data in methodology 1 are characteristic values while in methodology 2 the input data for random variables are random values generated with Monte Carlo Markov Chain simulation. The simulation is carried out using the plugin “BEST” for Microsoft Excel (Version 2301) [27].





3. Application of the ORW Optimization Model—Case Study


A case study illustrating the practical application of the optimization model for the design of embedded retaining walls. The case study illustrates the process of determining the optimal design by applying the deterministic optimization model and its extended version that incorporates the target failure probability condition. This case study highlights the effectiveness and differences between the two models in achieving an optimized retaining wall design and provides valuable insight into their use in real-world scenarios.



3.1. Input Data for the Case Study


The physical and mechanical properties of soils can vary considerably due to natural processes. To account for these variations, statistical analyses and Markov Chain Monte Carlo (MCMC) simulations were performed according to the theory of Phoon and Kulhawy [28,29]. This approach enables the development of a representative soil model based on data from site samples, which are then integrated into the optimization model.



To accurately define the random variables, 15 soil samples were taken from five different boreholes on the site, with samples taken at different depths. Laboratory tests, including a triaxial shear strength test, were performed to determine the effective shear angle (φ′k) and cohesion (c′k). In addition, the unit weight of soil (γk) was measured indirectly while performing the mentioned laboratory test. A total of 15 measurements were performed for each soil property, which are listed in Table 2. This comprehensive sampling and testing procedure ensures that the soil model accurately reflects the variability of site conditions.



The large number of soil samples and the high-quality laboratory tests that have been performed provide reliable preliminary information on the soil properties of the site. These data are used to create a preliminary distribution for the soil properties. Given the adequacy of the laboratory data, a normal distribution, characterized by its mean and standard deviation, was chosen for the prior construction. The summarized prior information about the soil is presented in Table 3. The coefficients of variation (COV) values were obtained according to the theory provided by several authors [30,31,32,33].



To optimize the design with respect to a certain probability of failure, the data were processed using an Excel plugin that uses the Bayesian sampling algorithm known as “BEST” (Bayesian Equivalent Sample Toolkit) [27]. This method utilizes Bayesian theory, which provides a framework for updating the probability distribution of a parameter as more evidence or data becomes available. The optimization also used Monte Carlo simulations in combination with Markov Chain Monte Carlo (MCMC) methods to generate samples. Monte Carlo simulations are used to perform numerical experiments to estimate the behavior of complex systems through random sampling, while MCMC methods facilitate the sampling of random variables from probability distributions using a Markov chain approach.



This combined approach generated a total of 100,000 samples, each containing random values for the variables defining the soil model. The input data for the reduction coefficients ka and kp, which relate to the interaction between the embedded retaining structure and the soil on the active and passive sides, respectively, are mainly based on empirical estimates. Therefore, a triangular distribution was chosen to derive the cumulative function for these coefficients, as shown in Table 4. This distribution was chosen to reflect the practical uncertainties associated with these variables.



From a technical point of view, it is recognized that these variables have defined upper and lower limits. Therefore, they are modeled as unequally distributed random variables with certain bounds, as described in Equations (7) and (8). For variables with known bounds, a triangular distribution was used to accurately represent their probabilistic properties [34].


    k   a   =     C D F   − 1       U   i     =       0.5 +       U   i     12         U   i   ≤      1   3            1 −     1 −   U   i     6         U   i   >    1   3           



(7)






    k   p   =     C D F   − 1       U   i     =       0.3 +       2 U   i     100         U   i   ≤      1   2            0.5 −     4 − 4   U   i     100         U   i   >    1   2           



(8)




where Ui denotes randomly distributed values for ka within the interval [0.5–1.0] and kp within the interval [0.3–0.5], which were generated using the rand() function in Excel. This process resulted in a total of 100,000 samples of these random variables. The statistical parameters derived from these samples are summarized in Table 4 and are used in the expanded deterministic model that contains the condition for the target failure probability. The probability density function (PDF) of each random variable is shown in Figure 4.




3.2. Optimization of the Embedded Retaining Wall with Partial Safety Factors (Methodology 1)


For the optimization of the deterministic model, the Eurocode standard [35] prescribes a statistical method for determining the characteristic values. This method is used due to the adequacy of laboratory tests and the high quality of available soil data. According to the Eurocode, the characteristic values are calculated using Equation (9), where Xk is the characteristic value, Xm is the mean value of the soil property, σN is the standard deviation of the property and κN is a coefficient related to the sample population. This approach ensures that the optimization model reflects the true variability and reliability of the soil properties.


    X   k   =   X   m   ·   1 ∓   κ   N     σ   N      



(9)






    κ   N   = 1.645 ·     1   N    + 1   



(10)







In accordance with the given equations, the characteristic values for the presented deterministic optimization model (ORW) are calculated.


     φ ′    k   =    φ ′    m e a n   ∓ 1.645 ·     1   N    + 1  ·   σ     φ   ′   , k   = 35.15 ° − 1.645 · 0.82 ° = 33.80 °  



(11)






    γ   k   =   γ   m e a n   ∓ 1.645 ·     1   N    + 1  ·   σ   γ , k   = 20.55    k N     m   3      − 1.645 · 0.24    k N     m   3      = 20.16   k N /   m   3    



(12)






     c ′    k   =    c ′    m e a n   ∓ 1.645 ·     1   N    + 1  ·   σ     c   ′   , k   = 6.6   k P a − 1.645 · 1.05   k P a = 4.87   k P a  



(13)







The obtained values from Equations (11)–(13) serve as characteristic values and the input data for the deterministic optimization model to obtain the optimal design based on the partial safety factor approach. Further input data can be found in Table 5.



After optimizing the deterministic model according to the Eurocode standard [4], and using design approach 2 using partial safety factors, we successfully determined the optimal embedment depths for the embedded retaining wall based on the provided input data. This optimization process was performed under four different scenarios to account for different conditions: one scenario without groundwater, another with groundwater present (hydrostatic conditions), a third scenario where seepage effects (groundwater-flow) were considered, and a fourth scenario where hydraulic heave had to be prevented.



The aim of the analysis was to assess how each condition affects the required embedment depths for stability and performance. By comparing these scenarios, we can evaluate the impact of groundwater and seepage on the design and ensure that the wall meets the required stability criteria under different environmental conditions. The results of the optimization for each scenario, including the optimal embedment depths, are detailed and summarized in Table 6 below.



The results show a significant influence of groundwater on the embedment depth of the retaining wall. In the presence of groundwater, an increase of 240% was observed. In contrast, the embedment depth increases only slightly by 0.94% if seepage is considered in addition to groundwater. These results illustrate the considerable influence of groundwater on construction planning, while the influence of seepage and hydraulic failure is relatively small in this case study. Hydraulic failure through the piping was also considered, but this condition did not increase the penetration of the retaining wall, which means that the mechanism of rotational failure was crucial in the design. Piping failure in embedded retaining walls occurs when seepage forces exceed the soil’s resistance, leading to soil erosion and instability. In addition, the optimization of the extended deterministic model was performed including the probability of failure, which allows a comprehensive evaluation of the design under different conditions in the following subsection.




3.3. Optimization of the Embedded Retaining Wall with Target Failure Probability (Methodology 2)


The original deterministic optimization model, which was formulated according to the Eurocode 7 standard, was expanded into an uncertainty model that includes a certain target probability of failure. In this extended model, the partial safety factors are set to 1.0, effectively eliminating additional safety margins. This approach allows for the inclusion of variability in the input data, represented by random values for the parameters listed in Table 4. The uncertainty model is based on the principle that failure occurs if one of the criteria specified in Equation (14) is not met. This equation defines the failure conditions based on the design parameters:


  F =         M   1   ≤ 0         M   2   ≤ 0         M   3   ≤ 1       =           H   E d   − H   R d   ≤ 0           M   E d   − M   R d   ≤ 0         S   d , d s t   −   G   d , s t b   ′   ≤ 0        



(14)







To investigate different failure probabilities, ranging from 1⋅10−5 to 1.0, the optimization was performed step by step. The algorithm systematically evaluated different design dimensions based on these probabilities and used Equation (6) to determine if the conditions were met. It assigned a score of 1 for failures and 0 for successful outcomes. With a target failure probability of 1 × 10−4, the algorithm identified dimensions that resulted in failure in only 10 out of 100,000 samples. This process was repeated for other failure probabilities and similar results were observed. The presence of groundwater significantly increases the embedment depth at each TFP, with the percentage increase ranging from approximately 113.8% at the highest TFP to over 146% at the lowest TFP. This indicates that the groundwater significantly increases the embedment depth, but its relative effect decreases with increasing TFP. The addition of seepage to groundwater has a modest effect on the embedment depth. The percentage increase in embedment depth due to seepage ranges from around 2.19% to 6.41%, depending on the TFP. This shows that the effect of seepage is small compared to the more significant increase observed when groundwater is first introduced, but it still slightly increases the embedment depth, especially at lower TPFs. These results are summarized in Table 7, which illustrates how the embedment depth of the retaining wall changes with changes in the target probability of failure.



The characteristic values for the deterministic model were derived using a statistical method based on mean values, as prescribed in the Eurocode. In this approach, characteristic values are calculated by applying a statistical analysis to mean soil properties, which provides a basis for determining design parameters under assumed average conditions. By integrating these characteristic values into the uncertainty model, we were able to accurately assess the failure probabilities associated with the optimal designs determined based on the partial safety factor approach.



The partial safety factor approach applies safety factors to account for variability and uncertainties. In contrast, the RBD approach directly considers the probabilistic nature of the design parameters and the associated uncertainties. RBD methods use probability distributions and statistical analysis to more explicitly quantify and manage risk and provide a more nuanced assessment of failure probabilities. Because a gaussian (normal) distribution of random variables was used, a direct comparison between the two methodologies can be made. The results are shown in Table 8 below.



The results of the study show that although the embedment depths determined using the partial safety factor approach based on the Eurocode are within acceptable limits for the probability of failure [36], alternative designs for retaining structures could offer significantly greater safety margins. The most notable observation arises when the seepage flow is considered in the optimal design according to the Eurocode standard, as shown in Figure 5. This comparison shows that the partial safety factors may not fully account for the influence of seepage and hydraulic heave on the stability of the structure. It should also be noted that the results of the RBD method for the given input parameters show that failure due to hydraulic heave never occurs as an independent failure mechanism, but only in combination with the overturning moment (see, Table 9). Therefore, the results are identical when only the seepage is considered and when the seepage is considered in combination with the hydraulic heave.



A direct comparison with the reliability-based design approach, which targets a specific probability of failure, underlines the limitations of the Eurocode method. Although the Eurocode-based design remains within the acceptable failure range, the analysis shows that increasing the embedment depth by only 0.94% does not sufficiently reduce the risk, as the probability of failure under seepage and hydraulic heave increases by a factor of 4. This underlines the usefulness of the RBD method, which allows for a more accurate risk assessment by explicitly considering uncertainties and probabilistic variables, which could lead to safer and more reliable structural designs.





4. Conclusions


By optimizing both the deterministic model based on Eurocode 7 and an uncertainty model that includes a probabilistic failure analysis, we have determined the optimal designs for an embedded retaining wall under different conditions. The most important results of the case study presented show that the presence of groundwater has a considerable influence on the required embedment depth (dd) of the retaining wall (approx. 2.4 times deeper). The design based on partial safety factors, which considers seepage and a combination of seepage and hydraulic heave, leads to a modest increase in the embedment depth of 0.94% compared to a retaining wall design that only takes groundwater into account. The analysis of the probability of failure of designs based on partial safety factors compared to designs based on a full reliability analysis shows that the embedment depth is more dependent on seepage in an analysis based on the reliability analysis than in an analysis with the partial safety factor. The percentage increase in embedment depth due to seepage is between 2.19% and 6.41% for the design based on the probability of failure, depending on the targeted probability of failure. The RBD method also provides valuable information on the required embedment depths as a function of the probability of failure, whereas the Eurocode design method specifies a single embedment depth with a corresponding probability of failure. In this case study, the analysis of the failure mechanisms shows that piping failure never occurs as an independent failure mechanism, but is linked to the overturning moment mechanism. Piping failure in embedded retaining walls happens when seepage forces surpass the soil’s resistance, causing soil erosion and instability. Key factors contributing to piping failure include excessive hydraulic gradients, highly permeable soils, insufficient embedment depth, significant hydraulic head differences and weak soil resistance [25].



It should be noted that the RBD method is more sensitive to fluctuating field conditions such as seepage and hydraulic heave. This could allow for a more accurate risk assessment as these uncertainties are explicitly considered. This makes the RBD method a more robust approach to ensure optimal structure in real-world scenarios where environmental conditions are unpredictable and involve a degree of uncertainty. Engineers should consider using the RBD method when there is significant uncertainty in the input data. This method can serve as an additional analysis for conventional approaches based on partial safety factors. In addition, the RBD method allows for potential structural optimization when applied with an appropriate methodology, as shown in this article. Further research is required as this work did not consider structural failure modes, which limits the applicability of the designs obtained. However, different types of retaining walls such as sheet pile walls, reinforced concrete pile walls or Berliner walls have different structural failure modes, which should be integrated into the optimization model. Most walls are not entirely rigid, meaning they experience both rigid body movement and flexing. Steel sheet piling is especially flexible, but even bored piles can bend significantly when used to support deep excavations. These factors affect not only structural failure mechanisms but also the magnitude of the earth pressure exerted on the walls. It is currently assumed that the most important variables such as soil weight, shear angle and cohesion are not correlated with each other, although further investigations are required to determine their correlations.
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Nomenclature




	Acronym
	Meaning



	AFP
	Actual failure probability



	BEST
	Bayesian Equivalent Sample Toolkit



	CDF
	Cumulative Distribution Function



	COV
	Coefficient Of Variation



	DA2
	Design approach 2



	DIN
	Deutsche Institut für Normung



	EC
	Eurocode



	MCMC
	Monte Carlo Markov Chain



	ORW
	Optimal retaining wall



	PDF
	Probability density function



	RBD
	Reliability-based design



	TFP
	Target failure probability



	Symbol
	Meaning



	c′k
	Cohesion of soil



	d0.d
	Pivot (rotation) point depth



	d0.nom
	Nominal pivot (rotation) point depth



	dd
	Embedment depth



	dnom
	Nominal embedment depth



	G′d,stb
	Submerged weight of the soil column



	h1
	Average pressure head



	HEd
	Sum of horizontal forces



	HEd,w,i
	Horizontal forces due to groundwater presence



	HEd,z,i
	Horizontal forces due to earth pressure and surcharge load



	Hnom
	Nominal excavation depth



	HRd
	Sum of resistant horizontal forces



	HRd,w,i
	Horizontal resistances due to groundwater presence



	HRd,z,i
	Horizontal resistances due to earth pressure



	hs
	Total head pressure



	ia
	Hydraulic gradient (active side)



	ip
	Hydraulic gradient (passive side)



	k
	Reduction coefficient



	Kach
	Coefficient for active earth pressure due to cohesion of soil (active side)



	Kaqh
	Coefficient for active earth pressure due to surcharge load (active side)



	Kaγh
	Coefficient for active earth pressure due to soil unit weight (active side)



	Kpch
	Coefficient for active earth pressure due to cohesion of soil (passive side)



	Kpγh
	Coefficient for active earth pressure due to soil unit weight (passive side)



	L
	Total length of the wall



	MEd
	Design moment



	MEd,w,i
	Moment due to forces caused by groundwater



	MEd,z,i
	Moment due to forces caused by unit weight of soil and surcharge load



	MRd
	Resistant moment



	MRd,w,i
	Resisting moments due to groundwater



	MRd,z,i
	Resisting moments due to unit weight of soil



	qQk
	Uniformly distributed surcharge load



	Sd,dst
	Destabilizing seepage force



	SFc
	Partial safety factor for cohesion



	SFG
	Partial safety factor for permanent actions



	SFG,fav
	Partial safety factor for favorable permanent actions



	SFQ
	Partial safety factor for variable actions



	SFRe
	Partial safety factor for earth resistance



	SFφ
	Partial safety factor for the shear angle



	ua,i
	Individual water pressure (active side)



	Ui
	Randomly distributed values



	up,i
	Individual water pressure (passive side)



	Xk
	Characteristic value of a parameter



	Xm
	Mean value of a parameter



	zi
	Depth



	Greek Symbol
	Meaning



	β
	Slope angle



	γk
	Unit weight of soil



	γ′k,a
	Effective unit weight of soil (active side)



	γ″k,a
	Unit weight of soil when considering seepage (active side)



	γ′k,p
	Effective unit weight of soil (passive side)



	γ″k,p
	Unit weight of soil when considering seepage (passive side)



	γw
	Unit weight of water



	ΔH
	Change in depth due to site control



	Δua,i
	Change in water pressure (active side)



	Δup,i
	Change in water pressure (passive side)



	κN
	Coefficient for the sample population size



	σ′a,d,i
	Effective horizontal stresses (active side)



	σN
	Standard deviation



	σ′p,d,i
	Effective horizontal stresses (passive side)



	σ′v,k,i
	Effective vertical stresses (active side)



	σ′v,k,i
	Effective vertical stresses (passive side)



	φ′k
	Shear angle
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Figure 1. Input parameters for the embedded retaining wall optimization model. 
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Figure 2. Effects of seepage on water pressure according to DIN 4085:2011-05 [27]. 
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Figure 3. Comparison between (a) methodology 1 and (b) methodology 2. 
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Figure 4. Probability density function of random variables. 
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Figure 5. Relationship between embedment depth and probability of failure. 
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Table 1. Geotechnical constraints for the deterministic and the expanded optimization model ORW.






Table 1. Geotechnical constraints for the deterministic and the expanded optimization model ORW.





	
Condition 1:     H   E d   ≤   H   R d    

	

	
(2)




	
     H   E d   =   Σ H   E d , z , i   +   Σ H   E d , w , i     

	
(2a)

	
      σ ′    p , d , 5   =   S F   G , f a v   ·     K   p γ h   ·    σ ′    v , k , 5   +    c ′    d   ·   K   p c h       

	
(2ai)




	
     H   E d , z , 1   =    σ ′    a , d , 1   ·   H   n o m     

	
(2b)

	
      σ ′    p , d , 6   =   S F   G , f a v   ·     K   p γ h   ·    σ ′    v , k , 6   +    c ′    d   ·   K   p c h       

	
(2aj)




	
     H   E d , z , 2   = (    σ ′    a , d , 2   −    σ ′    a , d , 1   ) ·      H   n o m     2      

	
(2c)

	
      σ ′    ′ v , k , 5   =   z   5   ·   γ   k , p     

	
(2ak)




	
     H   E d , z , 3   =    σ ′    a , d , 3   ·   d   0 , n o m     

	
(2d)

	
      σ ′    v , k , 6   =    σ ′    v , k , 5   +     d   0 , d   · γ   k , p     

	
(2al)




	
     H   E d , z , 4   = (    σ ′    a , d , 4   −    σ ′    a , d , 3   ) ·      H   n o m     2      

	
(2e)

	
     Δ u   p , 5   =   u   p , 5   +   i   p   ·   z   5   ·   γ   w     

	
(2am)




	
     H   E d , w , 1   =   Δ u   a , 1   ·   H   n o m     

	
(2f)

	
     Δ u   p , 6   =   u   p , 6   +   i   p   ·   d   0 , d   ·   γ   w     

	
(2an)




	
     H   E d , w , 2   =   Δ u   a , 2   ·      H   n o m     2      

	
(2g)

	
     u   p , 5   =   z   5   ·   γ   w     

	
(2ao)




	
     H   E d , w , 3   =   Δ u   a , 3   ·   d   0 , n o m     

	
(2h)

	
     u   p , 6   =   d   0 , d   ·   γ   w     

	
(2ap)




	
     H   E d , w , 4   = (   Δ u   a , 4   −   Δ u   a , 3   ) ·      H   n o m     2      

	
(2i)

	
Three different cases are analyzed and the change in unit weight for     γ   k , a     and     γ   k , p     is as follows:




	
       σ   ′     a , d , 1   =   S F   G   ·     K   a γ h   ·    σ ′    v , k , 1   −     c   ′     d   ·   K   a c h     +   S F   Q   ·     K   a q h   ·   q   Q k       

	
(2j)

	
Case 1: no presence of groundwater:




	
       σ   ′     a , d , 2   =   S F   G   ·     K   a γ h   ·    σ ′    v , k , 2   −     c   ′     d   ·   K   a c h     +   S F   Q   ·     K   a q h   ·   q   Q k       

	
(2k)

	
     γ   k , a   =   γ   k     

	
(2ar)




	
       σ   ′     a , d , 3   =   S F   G   ·     K   a γ h   ·    σ ′    v , k , 3   −     c   ′     d   ·   K   a c h     +   S F   Q   · (   K   a q h   ·   q   Q k   )   

	
(2l)

	
     γ   k , p   =   γ   k     

	
(2as)




	
       σ   ′     a , d , 4   =   S F   G   ·     K   a γ h   ·    σ ′    v , k , 4   −     c   ′     d   ·   K   a c h     +   S F   Q   · (   K   a q h   ·   q   Q k   )   

	
(2m)

	
Case 2: groundwater is present (hydrostatic conditions):




	
      σ ′    v , k , 1   =   z   0   ·   γ   k , a     

	
(2n)

	
     γ   k , a   =   γ   k   ′   =   γ   k   −   γ   w     

	
(2at)




	
      σ ′    v , k , 2   =    σ ′    v , k , 1   +     H   n o m   · γ   k , a     

	
(2o)

	
     γ   k , p   =   γ   k   ′   =   γ   k   −   γ   w     

	
(2au)




	
      σ ′    v , k , 3   =    σ ′    v , k , 1   +     H   n o m   · γ   k , a     

	
(2p)

	
Case 3: groundwater and seepage are present:




	
      σ ′    v , k , 4   =    σ ′    v , k , 3   +     d   0 , n o m   · γ   k , a     

	
(2r)

	
     γ   k , a   =   γ   k , a   ″   =     γ   k   −   γ   w     +   γ   w   ·   i   a     

	
(2av)




	
     Δ u   a , 1   =   u   a , 1   −   i   a   ·   z   0   ·   γ   w     

	
(2s)

	
     γ   k , p   =   γ   k , p   ″   =     γ   k   −   γ   w     −   γ   w   ·   i   p     

	
(2az)




	
     Δ u   a , 2   =   u   a , 2   −   i   a   ·   H   n o m   ·   γ   w     

	
(2t)

	
     i   a   =    0.7 ·   H   d     L ·  L ·   d   0 , d         

	
(2ba)




	
     Δ u   a , 3   =   u   a , 3   −   i   a   ·   H   n o m   ·   γ   w     

	
(2u)

	
     i   p   =    0.7 ·   H   d       d   0 , d   ·    d   0 , d   · L       

	
(2bb)




	
     Δ u   a , 4   =   u   a , 4   −   i   a   ·   ( H   n o m   +   d   0 , n o m   ) ·   γ   w     

	
(2v)

	
        K   a γ h         K   p γ h      } =   K   n   ·   cos  ⁡  β   ·   cos  ⁡    β − θ       

	
(2bc)




	
     u   a , 1   =   z   0   ·   γ   w     

	
(2z)

	
        K   a c h         K   p c h      } =   ( K   n   − 1 ) ·   cot  ⁡     φ ′    d       

	
(2bd)




	
     u   a , 2   =     H   n o m   · γ   w     

	
(2aa)

	
        K   a q h         K   p q h      } =   K   n   ·     cos   2    ⁡  β     

	
(2be)




	
     u   a , 3   =     H   n o m   · γ   w     

	
(2ab)

	
     K   n   =    1 ±   sin  ⁡     φ ′    d     ·   sin  ⁡    2   m   w   ±    φ ′    d         1 ∓   sin  ⁡     φ ′    d     ·   sin  ⁡    2   m   t   ±    φ ′    d          ·   e   2 ·     m   t   + β −   m   w   − θ   ·   tan  ⁡     φ ′    d         

	
(2bf)




	
     u   a , 4   =   (   H   n o m   +   d   0 , n o m   ) · γ   w     

	
(2ac)

	
   2   m   t   =     cos   − 1    ⁡       −   sin  ⁡  β     ∓   sin  ⁡     φ ′    d          ∓    φ ′    d   − β     

	
(2bg)




	
     H   R d   =   Σ H   R d , z , i   +   Σ H   R d , w , i     

	
(2ad)

	
   2   m   w   =     cos   − 1    ⁡         sin  ⁡     δ ′    d         sin  ⁡     φ ′    d          ∓     φ   ′     d   ∓    δ ′    d       

	
(2bh)




	
     H   R d , z , 5   =   (    σ ′    p , d , 5   ·   d   0 , d   )  /    S F   R e       

	
(2ae)

	
      φ ′    d   =     tan   − 1    ⁡         tan  ⁡     φ ′    k         S F   φ            

	
(2bi)




	
     H   R d , z , 6   =   ( (    σ ′    p , d , 5   −    σ ′    p , d , 6   ) ·      d   0 , d     2    )  /    S F   R e       

	
(2af)

	
      δ ′    d   =    φ ′    d   ·   k   a     

	
(2bj)




	
     H   R d , w , 5   =   Δ u   p , 5   ·   d   0 , d     

	
(2ag)

	
      c ′    d   =       c ′    k       S F   c        

	
(2bk)




	
     H   R d , w , 6   =   Δ u   p , 6   ·      d   0 , d     2      

	
(2ah)

	

	




	
Condition 2:     M   E d   =   M   R d    

	

	
(3)




	
     M   E d   =   Σ M   E d , z , i   +   Σ M   E d , w , i     

	
(3a)

	
     M   E d , w , 3   =   H   E d , w 3   ·      d   0 , n o m     2      

	
(3h)




	
     M   E d , z , 1   =   H   E d , z , 1   · (      H   n o m     2    +   d   0 , n o m   )   

	
(3b)

	
     M   E d , w , 4   =   H   E d , w 4   ·      d   0 , n o m     3      

	
(3i)




	
     M   E d , z , 2   =   H   E d , z , 2   · (      H   n o m     3    +   d   0 , n o m   )   

	
(3c)

	
     M   R d   =   Σ M   R d , z   +   Σ M   R d , w     

	
(3j)




	
     M   E d , z , 3   =   H   E d , z , 3   ·      d   0 , n o m     2      

	
(3d)

	
     M   R d , z , 5   =   H   R d , z 5   ·      d   0 , d     2      

	
(3k)




	
     M   E d , z , 4   =   H   E d , z , 4   ·      d   0 , n o m     3      

	
(3e)

	
     M   R d , z , 6   =   H   R d , z 6   ·      d   0 , d     3      

	
(3l)




	
     M   E d , w , 1   =   H   E d , w , 1   · (      H   n o m     2    +   d   0 , n o m   )   

	
(3f)

	
     M   R d , w , 5   =   H   R d , w 5   ·      d   0 , d     2      

	
(3m)




	
     M   E d , w , 2   =   H   E d , w , 2   · (      H   n o m     3    +   d   0 , n o m   )   

	
(3g)

	
     M   R d , w , 6   =   H   R d , w 6   ·      d   0 , d     3      

	
(3n)




	
Condition 3:     G   d , s t b   ′   ≥   S   d , d s t    

	

	
(4)




	
     G   d , s t b   ′   =        d   d     2      ·   d   d   ·   γ   k , p   ″     

	
(4a)

	
     h   1   = (   H   d   +   d   d   ) −   H   d   · 0.5   

	
(4d)




	
     S   d , d s t   =        d   d     2      ·   h   s   ·   γ   w     

	
(4b)

	
     h   2   =   d   d     

	
(4e)




	
     h   s   =   h   1   −   h   2     

	
(4c)

	

	




	
Correlation of the heights and depths:

	

	




	
     d   0 , n o m   =   d   0 , d   + Δ H   

	
(4f)

	
     d   d   =   d   n o m   − Δ H   

	
(4i)




	
   Δ H = m i n ⁡ ( 0.1 ·   H   n o m   ; 0.5 )   

	
(4g)

	
   L =   H   n o m   +   d   n o m     

	
(4j)




	
     d   0 , d   =   d   d   / 1.2   

	
(4h)

	

	











 





Table 2. Results of the laboratory test that were carried out on the soil samples.
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Random Variable

	
Value Estimated with Laboratory Tests and Field Tests






	
φ′k (°)

	
34.35

	
34.46

	
34.67

	
34.75

	
35.21

	
35.71

	
35.81

	
35.97

	
36.06

	
36.11




	
36.33

	
36.39

	
36.81

	
37.26

	
37.76

	

	

	

	

	




	
c′k (kPa)

	
5.71

	
5.79

	
5.85

	
5.90

	
5.92

	
5.96

	
5.97

	
5.98

	
6.07

	
6.13




	
6.22

	
6.36

	
6.37

	
6.44

	
6.48

	

	

	

	

	




	
γk (kN/m3)

	
19.61

	
19.79

	
19.91

	
19.92

	
19.98

	
20.54

	
20.68

	
20.84

	
20.99

	
21.02




	
21.34

	
21.49

	
21.55

	
21.78

	
21.82

	

	

	

	

	











 





Table 3. Informative prior information of the random variables.






Table 3. Informative prior information of the random variables.





	Random Variables
	Min. Value
	Max. Value
	COV [%]
	Min. Standard Deviation
	Max. Standard Deviation





	φ′k (°)
	34.35
	37.76
	5–10
	1.72
	3.78



	c′k (kPa)
	5.71
	6.48
	20–30
	1.14
	1.95



	γk (kN/m3)
	19.61
	21.82
	4–6
	0.78
	1.31










 





Table 4. Values of random variables after MCMC sampling.






Table 4. Values of random variables after MCMC sampling.





	
Random Variable

	
Statistical Parameter

	
Value

	
Distribution






	
φ′k (°)

	
Mean value

	
35.15

	
Normal




	
Standard deviation

	
0.82




	
c′k (kPa)

	
Mean value

	
6.6

	
Normal




	
Standard deviation

	
1.05




	
γk (kN/m3)

	
Mean value

	
20.55

	
Normal




	
Standard deviation

	
0.24




	
ka

	
Minimal value

	
0.5

	
Triangle




	
Most probable value

	
2/3




	
Maximal value

	
1




	
Mean value

	
0.71




	
Standard deviation

	
0.1




	
kp

	
Minimal value

	
0.3

	
Triangle




	
Most probable value

	
0.35




	
Maximal value

	
0.5




	
Mean value

	
0.39




	
Standard deviation

	
0.11











 





Table 5. Input data for the optimization model ORW.






Table 5. Input data for the optimization model ORW.





	
Symbol

	
Description

	
Value






	
qQ,k

	
Uniformly distributed surcharge load

	
14.5 kN/m




	
β

	
Slope angle

	
0°




	
h

	
Groundwater height

	
0 m




	
ka

	
Reduction coefficient on the active side

	
2/3




	
kp

	
Reduction coefficient on the passive side

	
0.35




	
φ′k

	
Shear angle of soil

	
33.80°




	
c′k

	
Cohesion of soil

	
4.87 kPa




	
γk

	
Unit weight of soil

	
20.16 kN/m3




	
γw

	
Unit weight of water

	
9.81 kN/m3




	
Hnom

	
Height of excavation

	
3.2 m




	
Partial safety factors for DA2

	
DA2




	
SFG

	
Partial safety factor for permanent actions

	
1.35




	
SFG,fav

	
Partial safety factor for favorable permanent actions

	
1.0




	
SFQ

	
Partial safety factor for variable actions

	
1.5




	
SFφ

	
Partial safety factor for the shear angle

	
1.0




	
SFc

	
Partial safety factor for the cohesion

	
1.0




	
SFRe

	
Partial safety factor for earth resistance

	
1.4











 





Table 6. Optimal designs for various conditions obtained using the partial safety factor approach.
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	No Groundwater
	Groundwater Present

(Hydrostatic Conditions)
	Groundwater and Seepage

(Groundwater-Flow)
	Groundwater, Seepage and Hydraulic Heave





	dd [m]
	2.691
	6.459
	6.520
	6.520










 





Table 7. Optimal designs obtained using methodology 2 for each target failure probability (TFP).
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TFP

	
Embedment Depth dd [m]




	
No Groundwater

	
Groundwater Present

(Hydrostatic Conditions)

	
Groundwater and Seepage

(Groundwater-Flow)

	
Groundwater, Seepage and Hydraulic Heave






	
0

	
2.72

	
6.71

	
7.14

	
7.14




	
0.00001

	
2.71

	
6.59

	
6.90

	
6.90




	
0.00005

	
2.68

	
6.34

	
6.57

	
6.57




	
0.0001

	
2.62

	
6.06

	
6.32

	
6.32




	
0.0005

	
2.49

	
5.89

	
6.09

	
6.09




	
0.001

	
2.45

	
5.78

	
5.98

	
5.98




	
0.005

	
2.33

	
5.51

	
5.67

	
5.67




	
0.01

	
2.27

	
5.36

	
5.51

	
5.51




	
0.05

	
2.1

	
5.02

	
5.13

	
5.13




	
0.1

	
2.02

	
4.79

	
4.93

	
4.93




	
1

	
1.23

	
2.62

	
2.82

	
2.82











 





Table 8. Failure probability of optimal designs obtained using the partial safety factor approach.
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	No Groundwater
	Groundwater Present

(Hydrostatic Conditions)
	Groundwater and Seepage

(Groundwater-Flow)
	Groundwater, Seepage and Hydraulic Heave





	Embedment depth dd [m]
	2.691
	6.459
	6.520
	6.520



	Actual failure probability (AFP)
	0.00002
	0.00002
	0.00008
	0.00008










 





Table 9. Failure mechanisms for each combination of effects on the embedded retaining wall (N = 100,000).






Table 9. Failure mechanisms for each combination of effects on the embedded retaining wall (N = 100,000).





	Failure Mechanism
	No Groundwater
	Groundwater Present

(Hydrostatic Conditions)
	Groundwater and Seepage

(Groundwater-Flow)
	Groundwater, Seepage and Hydraulic Heave





	           H   E d   − H   R d   ≤ 0       
	0 *
	0
	0
	0



	       M   E d   − M   R d   ≤ 0   
	2
	2
	8
	8



	     S   d , d s t   −   G   d , s t b   ′   ≤ 0   
	0
	0
	0
	8







* Number of failure events.
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