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Abstract

Despite the significant uncertainties inherent in geotechnical design and construction, the field predominantly relies
on deterministic analyses. To address this limitation, the probabilistic-digital-twin framework has the potential to
systematically integrate probabilistic methods into geotechnical design and construction. The framework can
explicitly account for uncertainties which is relevant to ensure both safety and efficiency of design and construction.
It does require realistic probabilistic models of the geological and geotechnical properties at a site. Recent
probabilistic approaches in subsoil models have focused mostly on incorporating spatial variability of soil properties
without addressing the significant uncertainties associated with soil stratification. The objective of our work is to
develop methods for incorporating uncertainty in soil stratification into geotechnical analysis. In this paper, we
investigate the effect of such an uncertainty assessment in a case study involving the construction of a subway station.
We focus on the settlements induced by the deep excavations, which can impact neighboring buildings and are thus
of particular interest in urban environments. The results demonstrate that stratification uncertainty does significantly
impact the predicted settlements and hence the optimal design.
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1. Introduction

Even though the Digital Twin (DT) framework is seen as a promising solution to the challenges faced by the
construction industry, its broader application in geotechnical design and construction remains limited (Cotoarba
et al., 2024). Phoon et al. (2022a) show that for the successful usage of the DT framework in this field, it should
be tailored to specific challenges, such as sparse, incomplete, and low-quality data originating from multiple
sources. However, the traditional DT approach assumes that complete knowledge of the physical reality is
available, which ignores the presence of uncertainties. This is especially critical in geotechnical engineering,
where modeling and prediction uncertainties are inherently high, systematic, complex and correlated (Goulet and
Smith, 2013; Phoon et al., 2022b). As a result, the traditional DT framework might fail to accurately capture and
predict real-world geotechnical behavior.

To address these limitations, in (Cotoarba et al., 2024) we propose a Probabilistic Digital Twin (PDT) framework
tailored to geotechnical design and construction. The PDT extends the traditional digital twin by systematically
incorporating all sources of uncertainty and propagating them throughout the design-construction-operation
process. This approach draws inspiration from methodologies in other industries (Agrell et al., 2023; Chaudhuri
et al., 2023; Kapteyn et al., 2021; Kochunas and Huan, 2021; Nath and Mahadevan, 2022). In (Cotoarba et al.,
2024) we demonstrate by application to a highway construction project how the PDT can leverage new
information to reduce uncertainties in behavioral predictions and support improved decision-making.

The PDT offers a framework to integrate probabilistic methods into geotechnical design and construction in a
field that still predominantly relies on deterministic analysis. This integration is particularly interesting for deep
excavations in urban environments, where excavation-induced soil settlements will affect neighboring buildings
if not managed appropriately. To ensure a safe and efficient design under such conditions, explicitly addressing
uncertainties is essential. Recent probabilistic approaches to this challenge have primarily focused on probabilistic
subsoil models that incorporate spatial variability of soil properties while assuming constant soil stratification
boundaries. Traditional subsoil models do not include the uncertainties associated with soil stratification, which
might limit the accuracy of behavior predictions.

The objective of this paper is to describe and evaluate methods for incorporating uncertainty in soil stratification
into geotechnical analyses. This will improve the understanding of which aspects of probabilistic subsoil modeling
are relevant and should further be included in the PDT framework. In this paper, we compare (1) traditional subsoil
models with constant soil stratification and soil properties (see Fig. 1a) with (2) probabilistic subsoil models with
uncertainty in soil stratification and deterministic soil properties (see Fig. 1b).

664



Proc. of the 9th International Symposium on Geotechnical Safety and Risk (ISGSR)

representative

ignored
boundary 1
boundary 2
undary 2
BHI BH2 BH3 BH1 BH2 BH3

Figure 1. Example subsoil Model with a) constant soil stratification and soil properties; and b) uncertainty
in soil stratification and deterministic soil properties;

2. Methodology

The 3D subsoil model is developed using a surface-based modeling approach. This is a method in which layers
are identified across borehole soundings to obtain interpolation points. Then, we use Gaussian process regression
to generate surface functions that fit the observed data and, thus, get a probabilistic description of soil stratification
boundaries. As a result, for each layer, we obtain a probabilistic description by its mean and correlation function.
For finite element (FE) analysis, the 3D model is intersected along a plane at the cross-section of interest to obtain
a 2D representation. The probabilistic model derived for the case study is illustrated in Fig. 2b, including the 95%
confidence interval around the expected layer boundaries. Using this probabilistic framework, 100 distinct 2D
subsoil models with varying boundary conditions are generated. FE is performed for each sample, and then the
results can be aggregated to obtain a probabilistic prediction of the quantities of interest. Each sample analysis
has a computational time of ~3 minutes for this case. The FE analysis is performed in Plaxis 2D with PLAXIS
Remote Scripting in Python. For a detailed description of the implementation, we refer to (Karadeniz 2024).
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Figure 2. Comparison of two approaches to subsoil modelling for the Munich Case Study with: (a) a deterministic 2D
subsoil model as used in the original analysis, which presents fixedsoil stratification, and (b) a probabilistic subsoil
model that highlights uncertainty in soil stratification with the 95th percentile layer boundaries around the expected
soil interfaces.

3. Case Study

3.1. Project
This case study is derived from Pelz (2010) and considers the construction of a subway station in Munich,
Germany, which was completed in 2010. The station was built using the cut-and-cover method and has a total
length of 202 m, an excavation depth of 15.9 m, and an embedment depth of 7.6 m.
The focus of this study is limited to cross-section 3-3, for which inclinometer measurements were recorded during
construction. We refer to the work of Pelz (2010) for detailed dimensions and a visualization of the cross-section.
For this investigation, we consider on hypothetical loading scenario with a 2-story building with rigid foundation
adjacent to the excavation site.
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3.2. Geological Conditions

The basis for the model of the on-site geological conditions are borehole soundings. The data for this case study
is publicly available through the Bavarian State Office for the Environment and stored in the UmweltAtlas
database (Bayerisches Landesamt Fir Umwelt, Augsburg, Germany). From this database, we extracted six
borehole soundings in the proximity of the construction site.

In the borehole soundings, four soil types are identified, which are typical for Munich: fillings, quaternary gravel,
tertiary clays and silts, and tertiary sands. To model the soil types in the FE analysis, we used the Hardening-Soil
Model and Hardening-Soil Model with Small-Strain Stiffness. We us the input soil parameters, orginally obtained
by Pelz (2010). They analyzed soil samples and validating them with inclinometer measurements of wall
displacements recorded during construction.

3.3. Construction Phases
To reflect the construction process of an excavation pit in urban environments in an FE analysis, the construction
is divided into 18 stages. From these, we present results for two states: (1) Strut Activation: Installation and
activation of struts (see Fig. 3a) and (2) Strut Removal: Removal of the struts after construction of the bottom slab
(see Fig. 3b).

Figure 3. The finite element model for the deterministic subsoil model of the two considered
phases: a) Installation and activation of struts; b) Construction of bottom slab and strut
removal;

4. Results

Fig. 4 shows wall deflection profiles along the right side of the excavation pit during the two considered
construction phases, analyzed using deterministic and probabilistic approaches. While both methods demonstrate
consistent overall behavior, with maximum deflection occurring at the midpoint of the wall, the uncertainty range
is not centered on the deterministic estimation. The deterministic analysis results fall near the lower bound of the
probabilistic range. This shows how the incorporation of more realistic soil profile variations leads to different
predicted behavioral patterns. The removal of the temporary strut results in increased wall deflections, as expected,
given its role in providing structural support during construction. Interestingly, the soil response variability also
increased after strut removal, highlighting that the impact of soil stratification uncertainty varies at different
construction stages.
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Figure 4. Horizontal wall movements for both phases on the right side of the excavation pit
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Fig. 5 presents the ground settlement profiles along the right side of the excavation pit for the same construction
phases. Both deterministic and probabilistic approaches show similar behavioral trends, with deeper settlements
occurring closer to the wall. Maximum settlements are prediceted in the final phase following strut removal. While
the strut removal significantly affects deflections, the settlement variability remains consistently around 10%.
However, compared to the wall deflection analysis, the probabilistic approach revealed considerable variability
in settlement predictions for both construction phases, highlighting the influence of more realistic soil
stratification models on the predicted ground response.
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Figure 5. Ground settlements for both phases on the right side of the excavation pit

5. Conclusion and Outlook

The results demonstrate that incorporating soil stratification uncertainty significantly influences the geotechnical
analysis of urban deep excavations. The impact of this influence varies substantially across principal parameters
and construction stages. As this study represents the first systematic investigation of probabilistic soil stratification
effects on the analysis of urban deep excavations, further research is needed to fully understand its implications.
Future investigation will combine the variability in soil properties with the presented stochastic subsoil
stratification model. These investigations will enhance our understanding of the strengths and limitations of a
range of uncertainty modeling strategies and their potential applications within a probabilistic-digital-twin
framework.

Acknowledgment
This research is supported by the TUM Georg Nemetschek Institute Artificial Intelligence for the Built World.

References

Agrell, C., Rognlien Dahl, K., Hafver, A., 2023. Optimal sequential decision making with probabilistic digital twins. SN
Appl. Sci. 5, 114. https://doi.org/10.1007/s42452-023-05316-9

Bayerisches Landesamt Fiir Umwelt, Augsburg Germany, n.d. UmweltAtlas Bayern [WWW Document]. URL
https://www.umweltatlas.bayern.de (accessed 12.21.24).

Chaudhuri, A., Pash, G., Hormuth, D.A., Lorenzo, G., Kapteyn, M., Wu, C., Lima, E.A.B.F., Yankeelov, T.E., Willcox, K.,
2023. Predictive digital twin for optimizing patient-specific radiotherapy regimens under uncertainty in high-grade
gliomas. Front. Artif. Intell. 6. https://doi.org/10.3389/frai.2023.1222612

Cotoarba, D., Straub, D., Smith, I.F., 2024. Probabilistic digital twins for geotechnical design and construction.
https://doi.org/10.48550/arXiv.2412.09432

Goulet, J.-A., Smith, .F.C., 2013. Structural identification with systematic errors and unknown uncertainty dependencies.
Comput. Struct. 128, 251-258. https://doi.org/10.1016/j.compstruc.2013.07.009

Kapteyn, M.G., Pretorius, J.V.R., Willcox, K.E., 2021. A probabilistic graphical model foundation for enabling predictive
digital twins at scale. Nat. Comput. Sci. 1, 337-347. https://doi.org/10.1038/s43588-021-00069-0

Kochunas, B., Huan, X., 2021. Digital Twin Concepts with Uncertainty for Nuclear Power Applications. Energies 14, 4235.
https://doi.org/10.3390/en14144235

Nath, P., Mahadevan, S., 2022. Probabilistic Digital Twin for Additive Manufacturing Process Design and Control. J. Mech.
Des. 144. https://doi.org/10.1115/1.4054521

Pelz, G., 2010. Die Berticksichtigung einer Vorbelastung bei der Mobilisierung des passiven Erddruckes feinkorniger Boden.
Technische Universitdt Miinchen.

Phoon, K.-K., Cao, Z.-J., Ji, J., Leung, Y.F., Najjar, S., Shuku, T., Tang, C., Yin, Z.-Y., Ikumasa, Y., Ching, J., 2022a.
Geotechnical uncertainty, modeling, and decision making. Soils Found. 62, 101189.
https://doi.org/10.1016/j.sandf.2022.101189

Phoon, K.-K., Ching, J., Cao, Z., 2022b. Unpacking data-centric geotechnics. Undergr. Space 7, 967-989.
https://doi.org/10.1016/j.undsp.2022.04.001



