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ABSTRACT: Understanding how subsoil uncertainties influence geotechnical structure performance is essential for improving design 
robustness. Accordingly, this study introduces a general workflow that integrates geological uncertainty into numerical geotechnical 
analyses to evaluate the variability of selected geotechnical target features. Geological uncertainty is quantified by treating the location 
of geological layer interfaces as one-dimensional random functions and simulating their spatial variability using (un)conditional 
simulation methods. These simulated stratification realizations are then integrated in an automated modelling and evaluation framework 
using the finite element method for analysis. Applicability and capabilities of the presented approach are demonstrated by two case 
studies, adopted from literature. The first examines a slope stability problem, where the geological interface significantly influences 
both the factor of safety and the predicted type of failure mechanism. A single strutted deep excavation is also investigated with the 
focus on demonstrating how structural elements can be integrated into the framework. While the strut’s normal force shows notable 
variability under working load conditions, the factor of safety exhibits more moderate sensitivity to geological interface fluctuations 
for the considered boundary value problem. Although (right now) the requirements for a full reliability-based design are not met, the 
approach offers valuable insight into the role of geological uncertainty in geotechnical design.  
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1 INTRODUCTION 

Geotechnical structures are inherently in contact with the 
natural ground, such as deep foundations, or utilize ground 
material as a construction medium, as for embankments or 
tunnels. Consequently, the success of a geotechnical project 
fundamentally depends on the appropriate consideration of the 
natural ground geometry and properties (Phoon, et al., 2022).  

However, when it comes to subsoil uncertainty two main 
sources are identified: geotechnical uncertainty (GTU) and 
geological uncertainty (GLU) (Baecher and Christian, 2003). 
GTU refers to the location-dependent variation of material 
properties, a principle introduced into geotechnical engineering 
analyses in the 1970s (Vanmarcke, 1977). In reliability-based 
design, the influence of GTU is well investigated and its 
incorporation into geotechnical analysis is frequently 
considered in research. GLU in contrast, describes the lack of 
knowledge regarding the spatial distribution of a soil type, also 
interpreted as the uncertainty in layer boundary detection which 
found less attention than GTU in the past (Phoon, et al., 2022). 
Recent studies have demonstrated significant impacts of GLU 
on geotechnical analysis (Varkey, Hicks and Vardon, 2023), 
questioning the assumption of triviality. The impact of GLU - 
ranging from the basic conceptual geological model (CGM) to 
uncertainty interpretation and propagation into geotechnical 
analysis - remains insufficiently investigated and understood, 
restricting efforts to assess design robustness and optimize site 
investigation campaigns.  

This paper presents a general workflow for investigating 
the influence of GLU on geotechnical structures, using two 
representative boundary value problems from the literature. The 
study not only highlights the impact of GLU but also 
demonstrates how the insights gained can support the 
development of more robust designs and increase confidence 
through a sound assessment of system behaviour. To narrow the 
focus for this work, boundary conditions such as the 
groundwater table or groundwater flow are temporarily set 
aside. Furthermore, potential future applications are discussed, 
emphasizing that a holistic consideration of GLU and GTU is 
essential for achieving optimal geotechnical design solutions. 

2 GEOLOGICAL UNCERTAINTY & FEM 

In the case of a fully deterministic finite element analysis 
(FEA), the geometry of the subsurface structures is generally 
based on a conservative estimate of the soil stratification (van 
den Eijnden, et al., 2024). However, determining which 
stratification configuration truly represents a conservative 
estimate is even for moderately complex geological conditions 
challenging. This difficulty arises because (i) the chain of 
consequences, triggered by the stratification configuration, is 
hard to estimate by engineering judgement alone and (ii) it is 
likely dependent on the specific design objective. As a result, 
there is a need to incorporate GLU in FEA to evaluate its impact 
on the geotechnical problem at hand (Phoon, et al., 2022). The 
approach illustrated in Figure 1 tackles this need by combining 
explicit probabilistic modelling of geological interfaces (GI) 
(van den Eijnden, et al., 2024) with parametric finite element 
analysis (PFEA).  

The proposed framework, shown in Figure 1, which is 
based on the guidelines of Baynes and Parry (2024), begins with 
a desk study. Purpose of this phase is to gather existing 
documents and data of the project area. Based on the geological 
knowledge gained from these resources, a CGM is developed. 
The CGM provides an initial representation of the geological 
processes involved which are deemed to be critical for the 
geotechnical analysis, based on engineering judgement. For the 
stochastic stratigraphy simulation, discussed in more detail in 
2.1, the CGM is further refined by data from site investigation 
campaigns (Phoon, Ching and Shuku, 2022). If site 
investigation data is not yet available at a particular project 
stage, a fully unconditional simulation can be performed using 
estimated GI variability. GLU accordingly can be assessed from 
the stochastic simulation (Wellmann and Regenauer-Lieb, 
2012), however, this aspect is not discussed in the present work. 
In the next step, a PFEA is conducted for each GI realization. 
This process represents a Monte Carlo simulation of GI within 
a random finite element method analogy (Fenton and Griffiths, 
2008), as described in 2.2. 
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Figure 1. Workflow to assess the geotechnical response variability 
with respect to GLU. 

2.1 Geological interface variability 

GI variability is considered by an explicit boundary-based 
model (Xiao, et al., 2017) in this contribution, where the GI is 
treated as a one-dimensional random function (Baecher and 
Christian, 2003; Chiles and Delfiner, 2012). This approach is 
considered reasonable, as the investigated scenarios involve 
relatively simple, two-layered geological conditions with an 
assumed continuous GI across the entire model domain. If more 
complex geological conditions are described by the CGM a 
more sophisticated boundary-based approach or even a 
category-based geological model (Xiao, et al., 2017) needs to 
be considered. 

Since the influence of site investigation design is not 
enclosed in this study, GI variability is considered by an 
unconditional simulation approach. The realizations are 
generated with the geostatistical Python library GSTools 
(Müller, et al., 2022) employing a Gaussian covariance model. 
Consequently, the GI is a function of the mean (µ), standard 
deviation (σ) and horizontal scale of fluctuation (δh), where δh 
is defined as twice the length scale of the covariance model used 
in GSTools (Vanmarcke, 1977) and σ is expressed by the 
coefficient of variation (COV). The COV is defined as shown 
in Equation (1). While these statistical parameters should 
ideally be derived from ground investigations in real projects 
(Phoon and Kulhawy, 1999; Lloret-Cabot, Fenton and Hicks, 
2014), they are assumed here based on magnitudes reported in 
the literature (Phoon and Kulhawy, 1999; Cami, et al., 2020; 
Phoon, et al., 2022).  

𝐶𝑂𝑉 ൌ  𝜎 𝜇ൗ  (1) 

2.2 Uncertainty propagation 

To investigate the influence of GI variability on geotechnical 
target parameters, e.g., factor of safety (FOS) or maximum 
anchor normal force, the GLU must be propagated through a 
translator, which is in this case a PFEA. This framework is 
widely known by the name RFEM, introduced by Fenton and 
Griffiths (2008) to incorporate GTU into geotechnical 
reliability analysis (Baecher and Christian, 2003).  

As this study focuses on the influence of GLU, rather than 
GTU (Phoon, et al., 2022), the subsurface geometry is modeled 
stochastically as described in 2.1. Therefore, each random finite 
element model features a unique geometric configuration. To 
accommodate this, a fully automated model generation process 
is implemented in Plaxis 2D (Bentley Systems, 2024) utilizing 
its Python API, enabling a PFEA for each geological 

realization. The postprocessing step is also automated, allowing 
for the extraction of predefined geotechnical target parameters 
tailored for the boundary value problem under investigation. 
However, if the geotechnical target parameter must be 
evaluated over the whole domain, e.g., field stresses or strains, 
an additional postprocessing step is required. This involves 
interpolating the extracted field results from non-unique mesh 
configurations onto a regular grid to allow for the interpretation 
of the ensemble results. Finally, the geotechnical response 
variability is assessed by analyzing the ensemble of PFEA 
results for the pre-selected geotechnical target features.  

3 EXAMPLE: SLOPE STABILITY ANALYSIS 

The first example addresses a slope stability problem adopted 
from Griffiths and Lane (1999), in which the FOS and the 
critical failure mechanism of the slope is mainly conditional 
upon the ratio of the undrained shear strength (cu) of the upper 
(cu1) and lower (cu2) layer (Guo and Griffiths, 2020). This 
sensitivity is also demonstrated in Schweiger (2005), who 
showed that performing a safety analysis using the strength 
reduction method within a FEA yields both the appropriate 
failure mechanism and the corresponding FOS. The dimensions 
of the deterministic base model used in this study are shown in 
Figure 2. It should be noted that the model length on the toe side 
of the slope has been extended by 20 m compared to the 
dimensions reported by Schweiger (2005) and Griffiths and 
Lane (1999).  

 
Figure 2. Model configuration slope stability example. The geological 
interface (GI) that is varied in the probabilistic analysis is highlighted 
in red. 

The deterministic soil parameters for the linear elastic - 
perfectly plastic material model (for undrained conditions) are 
listed in Table 1. For the lower layer, a strength ratio of 1.6 
relative to the upper layer is assumed. The model domain is 
discretized using approximately 3,000 elements with a fourth-
order shape function, for every PFEA. The calculation sequence 
consists of three stages: an initialization stage using a gravity 
loading procedure, followed by a nil-step to rebalance the 
model and a safety phase that applies the strength reduction 
method to determine the FOS. A detailed description of the 
strength reduction method is found in Tschuchnigg, et al. 
(2015) or Tschuchnigg (2019). 

Table 1. Soil parameters slope stability example. 

Parameter Symbol Value Unit 

Unit weight γ 20 kN/m³ 

Young’s modulus E 10 MN/m2 

Poisson’s ratio ν 0.3 - 

Undrained shear 
strength  

cu1 60 kPa 

Strength ratio cu2/cu1 1.6 - 

From a stochastic point of view, the GI between the two layers, 
indicated by a red line in Figure 2, was modeled with a mean 
location (µGI) = 18 m, a COVGI = 0.08 and a δh,GI = 40 m. The 
one-dimensional random function was sampled at a spatial 
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resolution of 0.5 m and a total of 200 calculations were carried 
out to analyze the resulting geotechnical response variability.  

3.1 Variability of geotechnical features 

The sensitivity of the geotechnical slope stability analysis to GI 
variability is investigated based on the resulting variability in 
the FOS and the corresponding critical failure mechanism 
detected. Using fully deterministic input parameters, as 
presented in Figure 2 and Table 1, the safety analysis yields a 
FOS = 1.35, with the critical failure mechanism developing 
entirely within the upper soil layer (Schweiger, 2005; Guo and 
Griffiths, 2020). Further details on the influence of certain 
boundary conditions and strength ratios for the investigated 
boundary value problem can be found in Guo and Griffiths 
(2020).  

However, the histogram of the FOS results from the 
analysis considering GI variability, shown in Figure 3, 
highlights its influence on the geotechnical analysis. It is 
evident that the GI has a substantial impact on the FOS of the 
slope, indicating that the strength ratio is not the only decisive 
factor. When a Gaussian probability density function is fitted to 
the data, a µFOS = 1.34 and a σFOS = 0.08 are obtained. This 
results in a notable COVFOS = 0.06 for the given boundary value 
problem. Additionally, the variability of the FOS is illustrated, 
in Figure 3 by the 95% confidence interval, indicated by red 
dashed lines. 

 
Figure 3. Results for FOS of the stochastic slope stability analysis, 
95% confidence interval is indicated by red, dashed lines. 

A second geotechnical target feature investigated is the delta 
incremental shear strain (Δγs) extracted over the entire model 
domain. This feature was selected because it aids in interpreting 
the present failure mechanism. However, the magnitude of Δγs 
between individual PFEA is not directly comparable, hence, a 
min-max normalization is applied to the Δγs field results in each 
realization. As a result, the normalized delta incremental shear 
strains (Δγs,norm) lie within the interval [0,1], allowing for an 
ensemble-based comparison across realizations.  

The results for all realizations are shown in Figure 4, where 
the ensemble mean of the normalized delta incremental shear 
strains (µΔγs,norm) is plotted. As visible from the plot, and in 
contrast to the deterministic analysis, the critical failure 
mechanism does not consistently develop purely in the upper 
layer. Instead in some realizations the critical mechanism is 
formed through the base layer. 

 
Figure 4. Mean of the normalized delta incremental shear strains 
(µΔγs,norm) for failure mechanism detection of the ensemble. 

4 EXAMPLE: SINGLE STRUTTED EXCAVATION 

The second synthetic case study used to analyze the influence 
of GI variability on geotechnical target parameters is a single 
strutted deep excavation problem. This boundary value problem 
was selected to contrast with the first example by introducing 
geotechnical structural elements such as a sheet pile wall and a 
strut and to highlight the variety of geotechnical target features 
that can be defined for analysis.  

Geometric boundary conditions for the excavation are 
adopted from Schweiger (2005), respectively from Daxer, 
Tschuchnigg and Schweiger (2023) and are depicted in 
Figure 5. The total excavation depth is 8.0 m and the strut is 
situated 1.0 m below the initial ground level. The excavation is 
supported by a sheet pile wall, which is embedded 4.0 m 
measured from the bottom of the excavation. Unlike the 
boundary value problem reported in Schweiger (2005) and 
Daxer, Tschuchnigg and Schweiger (2023) the present study 
assumes two homogeneous soil layers, with a GI expected to lie 
at the maximum excavation depth.  

The mesh configuration includes a refinement zone around 
the excavation and is designed to reach approximately a total of 
3,300 elements for each PFEA. Consistent with the slope 
stability analysis, triangular elements with a fourth-order shape 
function are used. A representative mesh discretization of the 
model is included in Figure 5. 

 
Figure 5. Model configuration single strutted excavation example. 
The geological interface (GI) that is varied in the probabilistic analysis 
is highlighted in red. 

All structural elements are modelled by assuming linear – 
elastic material behavior and the corresponding parameters, 
adopted from Daxer, Tschuchnigg and Schweiger (2023) for the 
sheet pile wall and the strut are delineated in Table 2 and in 
Table 3 respectively. For both soil layers, the Hardening Soil 
(HS) model (Schanz, Vermeer and Bonnier, 1999) is used and 
the corresponding layer parameters considered in the analysis 
are listed in Table 4 and are adopted from Jürgens and Henke 
(2024).  

Table 2. Parameters for the sheet pile wall. 

Parameter Symbol Value Unit 

Normal stiffness EA 3 008 000 kN/m 

Bending stiffness  EI  68 400 kNm²/m 

Prevent punching - No  

Table 3. Parameters for the strut. 

Parameter Symbol Value Unit 

Normal stiffness EA 7 200 000 kN 

Spacing  L 1.0 m 
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Table 4. Soil parameters for the HS material model. 

Parameter Symbol Layer 1 Layer 2 Unit 

(Un-)saturated 
unit weight 

γunsat, 
γat 

15 18 kN/m3 

Effective friction 
angle  

φ’  25 30 ° 

Effective cohesion c’ 10 0 kPa 

Dilatancy angle ψ 0 0 ° 

Secant reference 
stiffness 

E50
ref 3.5 20 MPa 

Oedometric 
reference stiffness 

Eoed
ref 3.0 20 MPa 

Un/reloading 
reference stiffness 

Eur
ref 7.0 60 MPa 

Poisson’s ratio 
un/reloading 

νur 0.2 0.2 - 

Stress dependency 
index 

m 0.9 0.5 - 

Reference 
pressure 

pref 100 100 kPa 

Strength reduction 
factor 

Rinter 0.64 0.63 - 

The HS model belongs to the family of double hardening 
elastic-plastic material models, characterized primarily by a 
stress-dependent stiffness definition and the distinction 
between primary and secondary loading conditions. It should 
be noted, that in case of a safety analysis the HS model 
effectively reduces to a Mohr-Coulomb material model.  

All structural elements are modeled assuming linear-
elastic material behavior, with material parameters taken from 
Schweiger (2005). The soil-structure interaction between the 
sheet pile wall and the surrounding soil is considered using 
zero-thickness interface elements, applying the strength and 
stiffness parameters from the adjacent soil in combination with 
the strength reduction factor (Rinter) for the interface parameter 
determination. The related Rinter factors are provided in Table 4.  

The GI variability, again indicated by a red line in Figure 5, 
is assumed by a mean depth (µGI) = 8 m, a COVGI = 0.1 and a 
δh,GI = 30 m. A sample resolution of the random function of 
0.5 m was used and 200 realizations created.  

The construction stages of the excavation are recreated in 
the numerical analysis by the following calculation phases: 
 Phase 0: Initialization using the gravity loading procedure 

(non-horizontal layer boundary) 
 Phase 1: Installation of sheet pile wall (wished-in-place) 

and excavation to a depth of 1.5 m 
 Phase 2: Installation of the strut and excavation to a depth 

of 8 m 
 Phase 3: Safety analysis employing the strength reduction 

method 

4.1.1 Variability of geotechnical features 

Geotechnical target features for the single strutted excavation 
were selected to investigate the influence of the GI variability 
on both the deformation behavior and maximum structural 
forces under working load conditions and the overall stability 
of the excavation (Daxer, Schweiger and Tschuchnigg, 2022). 
It should be noted, however, that characteristic input values for 
the soil parameters are used and the structures are considered to 
behave linear elastic. Furthermost, the analysis does not aim to 
fulfill the requirements of a reliability-based design (Baecher 
and Christian, 2003; van den Eijnden, et al., 2024), but rather 
serves to illustrate the variability of key geotechnical target 
features. 

To gain insights on the behaviour under working load 
conditions, two different geotechnical target features are 
defined. Results are extracted at the end of Phase 2, i.e., after 

the excavation reached its final state. The first target feature is 
the normal force in the strut. Corresponding results of the 
ensemble are illustrated by a histogram plot in Figure 6. The 
struts normal force exhibits notable variability and when a 
Gaussian probability density function is fitted to the data, a 
COVF = 0.09 is obtained. For reference, the fully deterministic 
analysis predicted a strut normal force F = -103 kN, while the 
upper bound of the 95% confidence interval, highlighted by red 
dashed lines in Figure 6, lies approximately at -140 kN. 

 
Figure 6. Histogram of strut normal force (F) results including the 
95% confidence interval shown by red dashed lines. 

Secondly, the deformation behavior of the sheet pile wall is 
used as a geotechnical target feature. Compared to the approach 
described in 3.1 for the field results, the complexity of the 
comparison is reduced, as no normalization is required. 
Anyway, interpolation onto a regular grid is still necessary. 
Figure 7 presents the distribution of the mean horizontal 
deflection of the sheet pile wall (µux,wall), as derived from the 
ensemble results. The estimated variability is also shown by the 
95% confidence interval, assuming a Gaussian probability 
density function. Based on these results it is valid to conclude, 
that also the deformation behavior of the sheet pile wall exhibits 
a noteworthy degree of variability, highlighting the significant 
influence of GI variability even for a relatively simple 
excavation and stratification scenario. Interestingly, the 
deterministic results based on a perfectly horizontal GI (ux,wall) 
is underestimated by µux,wall, in this particular case study.  

 
Figure 7. Horizontal deflection of sheet pile wall after final 
excavation. 

The variability of the overall stability of the excavation is 
expressed by the FOS, which is determined by the strength 
reduction method. Results for this analysis are extracted from 
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Phase 3, which represents the safety analysis stage in the 
numerical model. For the excavation’s FOS, a COVFOS = 0.02 
is determined. This lower degree of variability is also visible in 
the relatively narrow spacing of the upper and lower limit of the 
95% confidence interval, indicated by red dashed lines in 
Figure 8. The fully deterministic analysis yields a FOS = 1.84, 
which is in good agreement with the mean of the ensemble 
results. To give a benchmark for analysis effort invested, the 
computation time for the 200 PFEA conducted for this case 
study was approximately 7 hours, which can be easily executed 
overnight. 

 
Figure 8. Histogram of factor of safety (FOS) results including the 
95% confidence interval shown by red, dashed lines. 

5 CONCLUSIONS 

This contribution presents a workflow designed to investigate 
the influence of GLU, specifically the variability of GI, on 
selected geotechnical target features. The approach builds upon 
a CGM, which is extended by using information from site 
investigations to perform explicit stochastic simulations of the 
GI via (un-)conditional simulation methods. The GI, treated as 
a one-dimensional random function, is integrated into a fully 
automated framework that combines Plaxis 2D with its Python 
API. Enabling the stochastic simulation of the GI, the 
generation and computation of the boundary value problems 
and the extraction of geotechnical target features, effectively 
implementing a random finite element method approach. The 
resulting GI variability is translated into geotechnical 
variability by the numerical model and is assessed through 
ensemble-based interpretation of pre-selected target features. 

The first synthetic case study presented, focused on a slope 
stability problem. It investigated how the spatial location of the 
GI separating two homogeneous soil layers affects both the 
FOS and the critical failure mechanism formed. The results 
showed that the distribution of the GI has a significant influence 
on the FOS and its corresponding variability. Normalized shear 
strain fields were used to visualize and interpret the ensemble-
based distribution of failure patterns, revealing a high degree of 
variability in failure mechanisms.  

A single strutted deep excavation was considered in the 
second synthetic case study. Here, the focus was on showcasing 
the flexibility of the proposed workflow by incorporating 
structural elements and evaluating the behavior under working 
load conditions and the overall stability of the excavation. The 
deformation behavior and the internal forces under working 
load conditions were analyzed by the sheet pile wall deflection 
and the strut normal force respectively. While the strut normal 
forces and the sheet pile wall deformations exhibited notable 
variability due to GLU. Even tough, the GLU provoked only 
limited variability in FOS, this case study underscores the 
importance of incorporating GLU, even in relatively simple 
stratification scenarios. Not only is the deformation behavior of 
the sheet pile affected, but also the bending moments will 
exhibit significant fluctuations due to GLU. Furthermore, 
future analyses should consider variations in the groundwater 
table, as these are expected to have a substantial influence on 
the structural response. 

While this study has its emphasis on the influence of GLU 
on geotechnical target features variability, the approach does 
not aim to fulfill the requirements of a reliability-based design 
for the time being. Rather, it provides a clear illustration of how 
GI variability can influence geotechnical analyses. However, 
compared to conventional deterministic analyses, the proposed 
approach offers significantly richer insights into the behavior of 
geotechnical structures, while requiring only limited additional 
human effort due to its fully automated workflow. Although the 
interpretation of site investigation data must include an 
estimation of GI variability, the effort invested at this early 
stage yields substantial benefits in the quality and depth of the 
resulting analysis.  

Future work should include the combined incorporation of 
GTU and GLU as neither cancels out the other. Applying the 
workflow to real-world projects at different design stages will 
help validate and extend its utility. Additionally, future research 
will address cause-and-effect relationships related to extreme 
scenarios to enhance both the understanding of geotechnical 
system behavior and the related design robustness. 
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