
ABSTRACT: Finite element (FE) modelling of soil–structure interaction is computationally demanding, particularly when 

nonlinear soil behaviour and iterative solution schemes are involved. The challenge is compounded when material properties are 

unknown and need to be back-calculated from measurements on site. Developed within the Climate Resilient Port Infrastructure 

(CLARION) project, this paper presents an efficient numerical framework for the analysis of quay wall–soil systems that reduces 

computational cost while validated using synthetic displacement data from FE simulations. 

A two-dimensional nonlinear FE model is developed to generate reference wall displacements using a strain-dependent soil 

stiffness formulation. A one-at-a-time sensitivity analysis is performed to identify influential soil parameters, followed by a Monte 

Carlo simulation focusing on Young’s modulus to quantify the impact of stiffness uncertainty on wall deflection.  

Two inverse methods are investigated. First, a matrix consistency approach is introduced as a direct stiffness identification 

method suitable for simple systems. Second, a Gaussian Process surrogate model is trained using FE simulation data to 

approximate the forward mapping between soil stiffness and relative wall displacement, enabling rapid inverse identification 

without repeated FE analyses. The results show that the Gaussian Process-based inverse framework provides stable and accurate 

stiffness estimation when sufficient measurement information is available, offering an efficient basis for forward analysis, 

uncertainty quantification, and inverse modelling of quay wall systems. 
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1 INTRODUCTION 

Ports are critical nodes in European transport and logistics 

networks, where the performance of key infrastructure 

elements directly affects the effectiveness and resilience of 

both maritime and adjacent inland trade corridors. Among these 

elements, structural quay walls play a central role by retaining 

soil while supporting operational loads from vessels, cargo 

handling, and land-based transport. Their performance is 

governed by complex soil–structure interaction mechanisms, 

with lateral earth pressures inducing bending moments and 

displacements in the wall, particularly under unfavourable 

conditions such as low tide. Reliable estimation of these 

stresses is therefore essential for the safe design of new quay 

walls and the assessment of existing structures to determine 

safe loading levels. 

In engineering practice, advanced numerical models are 

widely used to simulate quay wall–soil interaction and to 

predict stresses and displacements within the system. A typical 

modelling framework is illustrated conceptually in Figure 1. 

However, the predictive accuracy of such models depends 

strongly on the assumed soil properties, which are often subject 

to significant uncertainty [1-3]. Although site investigations 

provide valuable point measurements, soil properties can vary 

considerably along the length of a quay and cannot be measured 

everywhere, limiting confidence in model-based predictions. 

These challenges are directly addressed within the Climate 

Resilient Port Infrastructure (CLARION) project, which brings 

together 21 partners from research, engineering, and industry. 

Several partners are major European ports with direct 

connections to inland waterways. The CLARION partner ports 

of Rotterdam, Antwerp–Bruges, Hamburg, and Constanța 

collectively handle approximately 35.5% of total European 

container traffic [4], highlighting the broad relevance of 

CLARION outcomes across European port and hinterland 

networks. 

 

 

Figure 1. Conceptual illustration of quay wall–soil interaction 

and numerical modelling framework motivating inverse 

analysis of soil stiffness [5] 

The CLARION project comprises ten pilot demonstrations 

aimed at improving the sustainability and climate resilience of 

port and related transport infrastructure. These pilots cover a 

range of topics, including advanced quay wall technologies, 

corrosion monitoring and asset management using automated 

mobile systems, shore-tension strategies for extreme storm 

conditions, flood-impact digital twins, reuse of dredged 

sediments, nature-based solutions, and digital-twin-based 

support for inland waterway resilience. Within this context, the 

present study focuses on quay wall behaviour and addresses the 

challenge of soil property uncertainty through numerical 

modelling and inverse analysis.  
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The alternative approach proposed here is to use measured 

structural response to back-calculate the governing soil 

stiffness parameters. In particular, wall deflections can be used 

to back-calculate soil parameters through inverse analysis. 

While predicting wall displacements is relatively 

straightforward when loads and soil stiffness are known, 

identifying soil stiffness from measured responses is much 

more difficult and computationally demanding. 

Successful inverse estimation of soil stiffness would offer 

significant benefits for quay wall design and assessment. More 

reliable estimates of stresses and deformations would enable 

more efficient designs for new structures and improve 

confidence in the capacity of existing quay walls, potentially 

allowing higher operational loads without compromising 

safety. This provides the motivation for developing automated 

numerical frameworks to support soil–structure interaction and 

inverse analysis, as presented in this study. 

2 FORWARD PROBLEM 

This study considers both forward and inverse modelling 

approaches. In the forward problem, the mechanical behaviour 

of the soil behind the quay wall is analysed using the Finite 

Element Method (FEM), assuming known soil properties. In 

the inverse problem, the objective is to back-calculate the 

properties of the soil from the measured structural response. To 

reduce the associated computational cost, a novel matrix-

consistency method is tested. 

 Methodology 

The forward problem is formulated to generate reference 

(“ground-truth”) structural response data for subsequent 

inverse analysis. At the current stage of the project, measured 

field displacements are not (yet) available. Therefore, wall 

displacements computed from the forward FE analysis are 

treated as simulated measured data. This approach allows the 

inverse methodology to be evaluated in a controlled setting, 

where the true material parameters are available to assess 

accuracy. 

A two-dimensional FE model was developed to represent the 

soil domain behind a quay wall, as shown schematically in 

Figure 2. At this development stage, the model was greatly 

simplified to develop and illustrate the concept. It was 

implemented in Midas Civil NX and fully automated through a 

Python-based Application Programming Interface (API). The 

soil domain was discretised using quadrilateral plane-strain 

elements arranged in a structured mesh, while the quay wall 

was modelled as a vertical beam element along the left 

boundary of the soil domain. 

All analyses were performed under plane-strain conditions, 

with the global coordinate system defined such that the 

horizontal direction (𝑥) is normal to the wall face and the 

vertical direction (𝑧) is positive upwards. 

Boundary conditions were applied to represent a simplified 

idealisation of the system. Vertical displacements were fully 

restrained along the base of the model (𝐷𝑧 = 0), while 

horizontal displacements were constrained where required to 

prevent rigid body motion. It is acknowledged that this 

represents a non-flexible support condition; in reality, the 

foundation-soil interaction would introduce compliance that 

could be modelled using spring elements.  

This study is intended as a proof-of-concept framework. The 

soil is idealised and loading was applied at the top surface in 

the form of concentrated vertical loads, 𝑃1and 𝑃2, representing 

localised surcharge effects. Hydrostatic water pressures, 

seepage, and associated pore-pressure effects are not modelled. 

As a result, changes in effective stress due to groundwater 

conditions are neglected. These simplifications allow 

controlled evaluation of the inverse methodology. 

 

Figure 2. Finite element model of the quay wall system 

showing the beam-element wall, plane-strain soil elements, 

applied surface loads, and boundary conditions. 

The primary output of the forward problem is the horizontal 

wall displacement. In this study, the simulated measured 

response is defined as the relative horizontal displacement 

between two reference locations. For example, 

                          𝛿 = 𝛿1 − 𝛿25        (1) 

where 𝛿1 and 𝛿25 denote the horizontal displacements at nodes 

1 and 25, respectively. As shown in Figure 2, node 1 is located 

at the top of the quay wall, representing the uppermost 

measurement point, while node 25 is positioned at the base, and 

serves as the second reference location for evaluating relative 

horizontal displacement. Although the present study adopts a 

single relative displacement as a representative response, this 

simplification is made for clarity and methodological 

development. In practice, the framework can be extended to 

incorporate the full displacement profile of the wall along its 

height to provide a more comprehensive representation of 

structural behaviour. 

Soil behaviour in the forward model is represented using a 

strain-dependent stiffness formulation. The mechanical 

properties of the soil and statistical parameters defining the soil 

stiffness distribution are summarised in Table 1. The Young’s 

modulus of the concrete wall is taken as 32 GPa. 

The shear modulus, 𝐺 is related to shear strain 𝛾 using a 

modulus reduction relationship of Darendeli form [6], 

                          𝐺 =
𝐺𝑚𝑎𝑥

1+𝑝𝛾
        (2) 
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where 𝐺max is the small-strain shear modulus and 𝑝 is a 

material parameter controlling stiffness reduction with strain. 

Table 1: Soil mechanical properties and statistical parameters 

used in the forward model. Both Gmax and E have units of 

MPa; other parameters are unitless. 

𝜈 𝐺𝑚𝑎𝑥 𝑝 Mean 𝐸  Standard deviation 

0.15 200 2100 80 40 

 

The relationship between Young’s modulus 𝐸, shear modulus 

𝐺, and Poisson’s ratio 𝜈, is given by 

                          𝐺 =
𝐸

2(1+ν)
        (3) 

Combining Eqs. (2) and (3), Poisson’s ratio can be expressed 

as, 

                          𝜈 =
𝐸(1+𝑝𝛾)

2𝐺𝑚𝑎𝑥
− 1,        (4) 

The corresponding Young’s modulus is obtained as, 

                          𝐸 =
2𝐺𝑚𝑎𝑥(1+𝜈)

1+𝑝𝛾
        (5) 

In the present ground-truth configuration, the functional form 

of the strain-dependent relationship in Eq. (2) is assumed to be 

valid, and the parameters 𝐺max and 𝑝 are fixed, based on 

representative values for dense sand. Consequently, Young’s 

modulus 𝐸 is treated as the effective independent parameter, 

while the shear modulus evolves implicitly through its 

dependence on strain. 

The forward analysis is solved iteratively. For a given load 

case, the FE model is first analysed using an initial estimate of 

material stiffness. Shear strain is then evaluated in each soil 

element, and the corresponding Young’s modulus is updated 

locally using Eq. (5). The FE problem is subsequently re-solved 

with the updated stiffness field. This process is repeated until 

convergence is achieved. The convergence threshold is defined 

as a 1% change in Young’s modulus between successive 

iterations.  

The complete workflow—including geometry definition, 

mesh generation, application of boundary conditions and loads, 

nonlinear stiffness updates, solver execution, and extraction of 

wall displacements—was controlled programmatically via 

Python scripts interfaced with the Midas Civil NX API. The 

resulting converged displacement field provides the simulated 

measured ground truth used as input to the inverse and 

surrogate modelling stages described in the following sections. 

 Results 

Figure 3 illustrates the evolution of horizontal displacements at 

Nodes 1 and 25, together with their relative displacement, over 

successive nonlinear iterations of the forward analysis. 

At the first iteration, the system exhibits its largest 

displacement response. Node 1 undergoes a positive horizontal 

displacement, while Node 25 moves in the opposite direction, 

leading to a relatively large differential displacement between 

the two reference points. This initial response reflects the 

stiffness distribution associated with the starting estimate of 

material properties. 

 

Figure 3. Horizontal displacement of the quay wall 

As the iterative stiffness updating procedure progresses, both 

nodal displacements decrease in magnitude and rapidly 

approach stable values. The relative displacement reduces 

accordingly from its initial peak and stabilises after only a few 

iterations. Beyond iteration 2–3, the change in displacement 

becomes negligible, indicating convergence of the nonlinear 

solution. 

The rapid reduction in displacement between the first and 

second iterations confirms the sensitivity of the system to 

strain-dependent stiffness updating. Once the element 

stiffnesses are adjusted to reflect the computed shear strains, 

the structural response becomes consistent with the updated 

material model. The plateau observed in subsequent iterations 

demonstrates numerical stability and confirms that the coupled 

stiffness–strain procedure has converged. 

Figure 4 and Figure 5 illustrate the convergence behaviour of 

the nonlinear forward analysis for the representative loading 

case, 𝑃1 = 𝑃2 = 150 kN. The figures show the evolution of 

Young’s modulus 𝐸 and shear strain 𝛾, respectively, for two 

representative soil elements located at different positions 

within the soil domain. 

 

 

Figure 4. Evolution of Young’s modulus, 𝐸 with iteration 

number, for two representative soil elements during the 

nonlinear forward analysis. 

 

Figure 5. Evolution of shear strain 𝛾 with iteration number for 

two representative soil elements during the nonlinear forward 

analysis. 

The higher Young’s modulus values shown in Figure 4 

correspond to the updated stiffness from the strain-dependent 

formulation, rather than the initial mean value given in Table 1. 
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For Element 1 (see Figure 2), located in a region of higher 

deformation, the magnitude of shear strain increases 

progressively with each iteration, with the strain reaching 

values on the order of 0.07% (Figure 5). As the stiffness model 

links Young’s modulus to shear strain, this increase in strain 

results in a corresponding reduction in stiffness. This behaviour 

is reflected in Figure 4, where 𝐸 initially increases during the 

first iteration and subsequently decreases, converging from 

approximately 250 MPa to around 180 MPa. This response is 

consistent with strain-dependent stiffness degradation in zones 

experiencing high shear deformation. 

 Sensitivity analysis and Monte-Carlo simulation 

A sensitivity analysis was conducted to assess the influence of 

Young’s modulus 𝐸, the strain-dependency parameter 𝑝, and 

the small-strain shear modulus, 𝐺𝑚𝑎𝑥, on wall deflection. Each 

parameter was varied individually by ±10% around its baseline 

value, while others were held constant. For each perturbed 

value, the forward FEM was solved, and the resulting relative 

wall displacement was extracted. 

Figure 6 shows the relative wall deflection decreases as 

Young’s modulus increases, exhibiting an approximately linear 

inverse relationship. This behaviour is close to linear elastic 

theory, in which structural deformation is inversely 

proportional to stiffness. The relatively steep slope indicates 

strong sensitivity, highlighting the importance of accurate 

stiffness estimation for reliable forward prediction and stable 

inverse identification. 
 

 
Figure 6. Sensitivity of relative deflection to Young’s modulus 

Figure 7 illustrates the sensitivity of relative wall deflection 

to the strain-dependency parameter p, while Gmax and shear 

strain are held constant and Young’s modulus is recomputed 

accordingly. In contrast to the previous case, the relationship 

between deflection and p is direct rather than inverse. The 

effect is very small. Within the small-strain range considered 

(−0.0007 < γ < 0.0003), the model response is only weakly 

sensitive to p. This suggests that uncertainty in p has a 

secondary influence on wall deflection compared with direct 

uncertainty in stiffness magnitude. 

 

Figure 7. Sensitivity of relative deflection to Parameter, p  

Figure 8 shows the influence of the small-strain shear 

modulus Gₘₐₓ on relative wall deflection, with p and shear 

strain maintained constant and Young’s modulus recalculated 

through the constitutive relationship.  

 

Figure 8. Sensitivity of relative deflection to maximum shear 

modulus, Gmax  

An inverse relationship is again observed. An increase in 

Gₘₐₓ leads to higher stiffness and reduced wall deflection. The 

trend is smooth and approximately linear, with sensitivity 

comparable to that observed Young’s modulus, confirming that 

both parameters strongly influence wall displacement, whereas 

the strain-dependency parameter, p plays a much more 

moderate role within the strain regime analysed. 

Based on the sensitivity analysis, Young’s modulus 𝐸 was 

identified as the most influential parameter affecting wall 

deflection. Although stiffness dominates the displacement 

response in this simplified framework, other factors such as 

shear strength, earth pressure state, and soil–structure 

interaction may also influence real systems.  

A Monte Carlo simulation with 300 samples was therefore 

performed, treating 𝐸 as a Normally distributed variable with a 

10% coefficient of variation, while 𝑝 and 𝐺max were kept 

constant. For each sample, one forward FE analysis was 

conducted to obtain the relative horizontal wall displacement to 

be used as the ‘measured’ value. 

Figure 9 presents the statistical distribution of relative wall 

deflections obtained from Monte Carlo simulations. The 

resulting deflection values are consistent with a normal 

distribution, as indicated by the fitted curve. The distribution 

has a mean value of 0.543 mm and a standard deviation of 0.019 

mm, as indicated by the fitted curve. 
 

 

Figure 9. Histogram of relative wall deflections obtained from 

300 Monte Carlo simulations.  

The relatively narrow spread of the distribution suggests that, 

for the loading case considered, moderate variability in soil 

stiffness leads to limited but non-negligible variation in wall 

response. The distribution obtained from the Monte Carlo 

analysis also forms a suitable basis for surrogate modelling and 
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inverse analysis, as it characterises both the expected response 

and its associated uncertainty. 

3 INVERSE PROBLEM 

In the inverse problem, the objective is to estimate the 

mechanical properties of the soil based on measured structural 

responses of the quay wall. Instead of prescribing soil 

parameters and computing wall displacements, the process is 

reversed: measured wall displacements are used as input to 

infer the governing soil stiffness parameters. This inverse 

formulation is inherently more challenging than the forward 

problem and is typically sensitive to measurement noise and 

modelling assumptions. 

At the current stage of the project, measured displacement 

data are not yet available. Therefore, the inverse analysis is 

demonstrated using a synthetic approach, in which wall 

displacements obtained from the forward FE analysis are first 

computed and treated as reference (“true”) values. These 

reference displacements are then used as input to the inverse 

problem, with the objective of back-calculating the 

corresponding soil stiffness parameters. This approach allows 

the performance and robustness of the proposed inverse 

methodology to be evaluated in a controlled setting, prior to 

application to measured field data. 

In practice, measurements include noise and model error, so 

uncertainty must be considered. Multiple independent 

measurements are needed for stable parameter identification. 

 Matrix consistency method 

The Matrix Consistency Method (MCM) is used to back-

calculate the soil stiffness, without the need for multiple trials 

of the Forward Problem. In the FE formulation, the relationship 

between the applied load and the nodal displacements is 

expressed as: 

𝑲𝑫 = −𝑭  (6) 

where 𝑲 is the stiffness matrix, D is the vector of unknown 

displacements and F is the vector of fixing forces (or 

moments). 

For this problem, some displacements will be known (by 

measurement). For example, if 𝐷1 is known, it can be 

substituted into Eq. (6). This makes the system of equations 

overdetermined, i.e., the number of equations exceeds the 

number of unknowns. For an overdetermined linear system 

𝑲𝑫 = −𝑭, a necessary condition for consistency can be written 

as:  

det(𝑨) = 0 (7) 

where A is the ‘augmented matrix’, made up of K, augmented 

by adding a column consisting of the vector -F. This is 

sometimes written as,  

A = [K|-F] (8) 

By solving Eq. (7), the soil parameters can be back-calculated 

(Figure 10).  

 

 
Figure 10. Matrix consistency method (MCM) 

The condition det(A)=0 ensures that the system of equations 

remains consistent when measured displacements are 

introduced, allowing the unknown stiffness parameters to be 

inferred without iterative forward analysis. 

The MCM performs well for simple systems with one or a 

small number of measurements. However, for systems with 

multiple known values (multiple measurements), the method 

becomes more complex, with many permutations to be 

considered. Therefore, it has been decided to adopt a surrogate 

model approach, as described in the next sub-section. 

 Gaussian process surrogate model 

For the inverse problem, the soil elements in Figure 2 are 

parameterized using two stiffness variables, where elements 

𝐸1–𝐸9 are assigned a common value 𝐸topand elements 𝐸10–𝐸18 

are assigned 𝐸bottom.  

The two-stage Gaussian process (GP)-based inverse 

framework is illustrated in Figure 11. In stage 1, FE simulations 

are used to construct a surrogate model that approximates the 

forward mapping between the stiffness parameters and the 

resulting relative displacement (δ). 
 

 

 

Figure 11. Two-stage GP-based inverse framework 

A total of 30 forward FE simulations were performed using 

randomly generated 𝐸top and 𝐸bottom values between 100 and 

400 MPa. The GP surrogate was trained to approximate the 

mapping from (𝐸top
, 𝐸bottom) to δ and provides displacement 

predictions through its posterior mean. 

In Stage 2, the trained GP surrogate is embedded in an 

optimization loop that iteratively updates the stiffness 

parameters by minimising the mismatch between the GP-

predicted displacement 𝛿𝐺𝑃 and the (simulated) measured 

displacement 𝛿𝑚𝑒𝑎𝑠, avoiding repeated FE analyses. Model 

performance was assessed using a leave-one-out (LOO) 

strategy, where each FE run was excluded in turn from training 

and used as a synthetic measurement for inverse identification. 

Figure 12 illustrates the geometry of the inverse problem in 

parameter space. The coloured background shows the GP mean 

prediction of the first relative displacement. Solid and dashed 

curves indicate the truth contours corresponding to the 

measured displacement(s) of a selected run. 

For Case 1, a single relative displacement measurement defines 

a one-dimensional contour of feasible solutions, indicating 

non-unique parameter identification, i.e., the problem is under-

determined and there are multiple possible solutions. In 

contrast, Case 2 introduces a second independent measurement, 

resulting in the intersection of two contours and a well-defined 

unique solution. 
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(a) Case 1 with a single relative displacement measurement 

 
(b) Case 2 with two relative displacement measurement 

Figure 12. Contour representation of the inverse problem 

The practical impact of the difference between Cases 1 and 2 

is illustrated in Figure 13, which compares the true and 

estimated 𝐸topvalues obtained from the leave-one-out inverse 

analysis.  
 

 

 
(a) Case 1 with a single relative displacement measurement 

 
(b) Case 2 with two relative displacement measurement 

Figure 13. Comparison between true and estimated 𝐸𝑡𝑜𝑝 

For Case 1, a wide scatter around the line of perfect 

agreement is observed, indicating significant instability in the 

estimated parameters when only a single displacement 

measurement is used. In contrast, Case 2 exhibits a strong 

clustering of points along the diagonal, demonstrating accurate 

and consistent parameter estimation when two independent 

displacement measurements are available. 

4 SUMMARY AND CONCLUSION 

This study presented a computational framework for forward 

and inverse analysis of quay wall–soil interaction within the 

CLARION project. A nonlinear two-dimensional finite 

element model with strain-dependent soil stiffness was 

developed to generate reliable reference displacements. 

Sensitivity analysis confirmed the Young’s modulus and the 

small-strain shear modulus are the dominant parameters 

influencing wall response, while Monte Carlo simulation 

quantified the effect of stiffness uncertainty. 

A GP surrogate-based inverse framework was proposed. The 

surrogate model was trained on finite element simulations to 

approximate the mapping between stiffness parameters and 

relative displacement. The results showed that using a single 

true relative displacement (Case 1) leads to unstable and 

inaccurate stiffness estimation due to non-uniqueness. In 

contrast, incorporating two independent relative displacement 

(Case 2) significantly improved parameter identifiability, 

reducing both maximum and mean errors to low levels. 

The study is based on a simplified model and synthetic data; 

future work will include real measurements, model uncertainty, 

and more realistic soil conditions. 
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