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Abstract Soil heterogeneity, due to variations in the
subsurface stratigraphy or properties within a layer,
can trigger or amplify differential settlements that
affect buildings and infrastructure and can thus lead
to (increase in) damage. The state-of-the-art mainly
focuses on the effect of heterogeneous properties
within a layer on engineering problems. From this, it
is known that the variation in properties can increase
the vulnerability of a structure. However, nearly
always variations in the soil lithological conditions
are disregarded, while they can influence subsidence
potentially even more. Lithological variations are rel-
evant both at the scale of individual buildings as well
as different scales (city, regional, country), for which
often detailed soil information is not available. Thus,
for a better prediction of potential building damage
related to subsidence, knowledge about the scale and
influence of lithological variations is needed. This
paper describes an approach to quantify and investi-
gate the influence of lithological heterogeneity at the
scale of a single building. Moreover, this explora-
tory study evaluates the influence of lithological
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heterogeneity on the spatial variability of settlements,
intending to upscale the approach to regional appli-
cation. Two independent datasets at high resolution
(site-specific) and low resolution (national level) are
used to retrieve the stratigraphic conditions for the
area selected for the analyses. One-, Two- and Three-
dimensional numerical models, based on the collected
information are used to simulate the consolidation
process and settlement due to a uniform load imposed
on the surface level of the study area. Additional
analyses investigate the influence of loading condi-
tions and groundwater table. The parameter “correla-
tion length” is used to quantify the spatial variability
of the soil layer thickness and then of the computed
settlements. The analyses reveal that the spatial vari-
ability of the soil strata thickness matches that of the
computed settlements, ranging from 2 to 10 meters.
In other words, the lithological variability of the soil
leads to differential settlements occurring at the scale
of man-made structures such as houses, roads, and
embankments. Thus, the results encourage including
the contribution of lithological heterogeneity in mod-
els and predictions of differential settlement at the
scale of individual structures. Moreover, the statisti-
cal properties, in terms of mean, spread and distribu-
tion shape, of the settlement computed through in-
situ specific models, match with those derived at the
national scale. These results are expected to support
the identification of areas potentially influenced by
lithological soil heterogeneity, thus showing potential
for upscaling to regional or national levels.
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1 Introduction

Both natural and man-made soils are strongly char-
acterized by an anisotropic behaviour and spatial het-
erogeneity that originates from different depositional
processes and loading histories (Elkateb et al. 2003;
Breysse et al. 2005; Uzielli et al. 2006; Yuan et al.
2024).

Soil heterogeneity has been distinguished (Elka-
teb et al. 2003; Houy et al. 2005; Popescu et al. 2005;
Viviescas et al. 2022) in two types: (i) inherent spatial
soil variability, which describes the variability of the
soil properties, such as the compressibility or perme-
ability, from one point to another within a layer, and
(ii) lithological heterogeneity, which refers to the var-
iation of the stratigraphic information, such as lithol-
ogy, unit thickness, inclination of the soil strata. Soil
heterogeneity affects soil behaviour and can influ-
ence different engineering problems (Bauduin 2003;
Elkateb et al. 2003; Breysse et al. 2005; Costa et al.
2020; Peduto et al. 2022; Abija 2023; Fiamingo et al.
2023). Subsidence serves as a prime example wherein
soil heterogeneity can enhance both the magnitude
and the spatial distribution of the ground settlements
(Gibson 1974; Breysse et al. 2005; Verberne et al.
2024).

In the Netherlands, many urban areas are exposed
to the occurrence of subsidence processes, due to the
presence of soft soils. Soft soils are susceptible to
settlement because of their low bearing capacity and
high deformability (Peduto et al. 2017; Koster et al.
2018; Peduto et al. 2022; Prosperi et al. 2022; Basha
et al. 2024; Faleih et al. 2024). The settlement can be
further exacerbated by local lithological heterogenei-
ties, e.g., the variable thickness of soft soils beneath
the buildings.

In this context, identifying, measuring and quan-
tifying sources of soil heterogeneity represents a key
task, as they could lead to uneven settlement and, in
turn, damage to buildings. Moreover, it is crucial to
identify areas prone to differential settlements due to
lithological heterogeneity, as they represent hotspots
for which appropriate risk mitigation strategies can be
addressed.

@ Springer

In the current state of research, previous studies
typically include the variability of soil properties and
their influence on soil-structure problems and foun-
dation settlements (Breysse et al. 2005; Houy et al.
2005; Popescu et al. 2005; Kumar et al. 2024; Zhang
et al. 2024). The results of these works have shown
that variation in soil properties within a layer can
augment differential settlements (Breysse et al. 2005;
Houy et al. 2005; Jamshidi Chenari et al. 2019). Con-
versely, only a few analyses focused on the effects of
stratigraphic variations, e.g., (Conte et al. 2004; Han
et al. 2007; Krzysztof 2019; Ibrahim and Al-Obaydi
2021; Peduto et al. 2022).

This study aims to investigate how soil lithologi-
cal heterogeneity, including variations in soil types
and their thickness, influences the settlements occur-
ring at the scale of existing structures such as houses,
roads, and embankments. Toward this aim, this analy-
sis focuses on an area selected for the availability of
100 closely spaced Cone Penetration Tests (CPTs) (de
Gast 2020). The available CPTs offer detailed insight
into subsurface stratigraphy and the spatial variation
of the soil strata. Then, numerical analyses are used
to evaluate the soil response and to assess the rela-
tionship between lithological heterogeneity and the
spatial distribution of the computed settlements. The
results are expected to provide knowledge for further
studies that focus on how lithological heterogeneity
can influence the damage to buildings. For instance,
numerical models in which the building is coupled to
the subsoil can be used to assess the damage due to
differential settlement enhanced by soil lithological
heterogeneity.

Additionally, the stratigraphic information of the
study area was retrieved from an available 3D “Geo-
TOP” model (www.dinoloket.nl) that discretizes the
subsurface at the national level and is used as input
for additional numerical analyses. Hence, the results
of the site-specific numerical models are compared to
the models based on lower resolution (national level).
The goal of this comparison is to assess whether
subsurface models with lower resolution than in-situ
specific data can still capture the effects of local soil
lithological heterogeneity on settlement occurrence.

The paper begins with a description of the method-
ology in Sect. 2. The results are presented in Sect. 3.
In Sect. 4 the findings of this study are discussed, and
the main conclusions are presented in Sect. 5.
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2 Methodology

The adopted methodological approach consists of
three phases (Phase 0, I, and II in Fig. 1):
In Phase 0, data at different resolutions are col-

by the national-level subsurface model, are used to
evaluate the response of the study area. Sensitivity
analyses are further carried out to study the influence
of the groundwater table and the different loading
conditions on the settlement occurrence and its spa-

lected over the study area, including information
about the stratigraphy and the hydro-geo-mechanical
material properties. The correlation length, which
represents the distance over which observations
remain significantly correlated, is computed to quan-
tify the variability of the thickness of each soil layer
identified in the stratigraphy. Subsoil information,
retrieved from the highest resolution dataset (in-situ
specific), and available hydro-geo-mechanical proper-
ties of the soil materials are then used as the inputs
for the numerical models. These numerical analyses
are carried out to investigate the influence of soil lith-
ological heterogeneity on the settlement occurrence at
the scale of buildings.

Toward this aim, one-, two- and three-dimensional
numerical models are built, based on the in-situ spe-
cific information. This includes the stratigraphic data
and material properties, which are utilized to con-
struct the models. Thus, settlements are computed
with the numerical models, further distinguishing the
contribution of each soil layer. Additional 1D mod-
els, based on the stratigraphic information provided

tial variability.

In Phase II, the settlements computed using the
finite element analyses are retrieved. First, a com-
parison between the in-situ specific 1D, 2D and 3D
numerical models is carried out to investigate the dif-
ferences. For each soil stratum, the correlation length
is computed using the computed settlements and
compared with that of the material thickness. This
step allows for an investigation into whether the two
metrics can be correlated.

Finally, the results of the 1D, 2D and 3D analyses
at the scale of the study area are compared with those
of the 1D models at the national scale to evaluate the
effects of the different resolutions and to determine
the effect of lithological variations on the build-
ing scale. The comparison aims to assess whether
national-resolution models can adequately repre-
sent the effects of locally heterogeneous soil stratig-
raphy. To this end, the distribution of the computed
settlements for each analysis is obtained, and the
shape, mean, and dispersion of the distributions are

compared.

Fig. 1 Flowchart of the from 1.25x 5
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2.1 Case Study and Available Datasets

The area selected for the analysis is the field of the
Leendert de Boerspolder dyke (Fig. 2a), in the north-
west of the Netherlands (de Gast 2020). The available
information encompasses: (i) 100 CPTs data (Fig. 2b
and c), their location and interpretation in terms of
lithotypes up to a depth of 11.70 m to NAP (i.e., the

(a) - Location of the study area

Amsterdam Ordnance Datum or Normaal Amster-
dams Peil in Dutch) (Fig. 2d), (ii) hydro-geo-mechan-
ical material properties (Table 1) (de Gast 2020; de
Gast et al. 2021a).

The closely spaced CPTs, located along the crest
of the dyke and adjacent to the dyke, cover the
study area of about 15X50 m with an uneven grid
(Fig. 2b and ¢) (de Gast et al. 2017, 2020, 2021b).

(b) - Ground surface elevation map
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Fig. 2 Location of the study area and the available cone pen-
etration tests (CPTs). a show the location of the study area,
plot b shows the elevation maps, ¢ shows the selected cross-
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sections over the study area and d shows the stratigraphy at
each location based on the interpretation of the CPT data (de
Gast 2020)
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Table 1 Material properties of each soil layer adopted in the numerical models

Parameter Symbol Unit of measure Source Materials

Dyke material/sand Peat Organic Clay  Silty clay
Dry unit weight Yary kN/m® 1 13.00 9.00 14.50 14.00
Saturated unit weight Yeat kN/m® 1 18.00 10.00 15.00 17.00
Modified compression index ~ A* - 2 4.99x1072 2001071 9.99x1072  2.22x1072
Modified swelling index K - 2 2.50%x 1072 9.99x1072 5.00x1072  1.11x1072
Modified creep index W - 2 2.00x1073 1.00x1072 5.00x1073  9.00x107*
Effective cohesion c’ kN/m? 1 5.00 2.50 4.40 1.90
Effective friction angle 0% ° 1 33.00 28.80 29.50 30.00
Pre-overburden pressure POP kN/m? 3 2.00 22.00 20.00 12.00
Hydraulic conductivity k m/day 1 3.46x 107! 400x1072 7.52x107*  7.52x107*

de Gast 2020 (de Gast 2020)
2NEN9997—1 +C2 (NEN9997—1 +C2:2017 nl, 2017)
3Estimate

In particular, 29 CPTs were taken along the crest of
the dyke, 28 CPTs along the slope and the remaining
in the polder area (Fig. 2b) (De Gast et al. 2021b).
The distance between two adjacent CPTs varies from
about 1.25 m up to 5.0 m, and the coarsest spacing of
the CPTs’ grid is equal to 5 mX5 m (de Gast et al.
2017, 2020). Thus, this dataset characterizes the
study area at the in-situ level, hereinafter referred to
as “high” resolution. The in-situ measurements reveal
the presence of four soil strata, herein labelled as (de
Gast et al. 2017, 2021a; de Gast 2020):

e dyke material a mix of clay, silt, sand and rub-
ble that had been placed periodically starting
from~1600 AD to form the embankment. The
building and maintenance of this man-made layer
have caused the underlying layers to compress (de
Gast et al. 2017).

e Peat organic layer affected by the overlying dyke
materials.

e Organic clay clay in which the organic content
decreases with depth.

e Silty clay clay layer rich in silt, that continues
until~NAP — 16.0 m depth, beyond which sand is
found.

The material properties shown in Table 1 are based
on laboratory investigations (de Gast 2020; de Gast
et al. 2021a), further integrated by values available
in the Dutch norm (NEN9997—1+ C2:2017 nl 2017)
and estimates (de Gast 2020; de Gast et al. 2021a).

Additional subsoil information is collected from
the “GeoTOP model” (www.dinoloket.nl), which
discretizes the surface area of the Netherlands (at
the national level) up to a depth of 50 m in rectan-
gular blocks, namely “Voxels”, each measuring
100 mx 100 mx 0.5 m (height X width X depth) (Staf-
leu et al. 2011, 2019; Kruiver et al. 2017). The data
used to derive the GeoTOP model do not include the
100 CPTs available in the study area, and thus the two
datasets are independent. Due to the size of the Vox-
els, this set of data is herein referred to, for the study
area as “low” resolution, if compared with the closely
spaced CPTs. The GeoTOP model provides estimates
of the lithological classes for each Voxel (Stafleu
et al. 2019): Anthropogenic material, Organic mate-
rial (Peat), Clay, Clayey sand, silty clay and loam,
and Sand, distinguished according to the grain size in
“Fine Sand”, “Medium Sand” and “Coarse sand” and
“Gravel”. The lithological classes assigned to each
Voxel are the outcome of interpolation techniques.
The procedure, carried out in previous studies, results
in a set of 100 statistically equally likely realizations
for each Voxel. For additional details, the reader is
referred to (Stafleu et al. 2019).

In other words, 100 realizations, obtained from
prior research, provide estimates of the soil type that
lies within each Voxel, i.e., a cell that discretizes the
surface at a certain depth. The group of Voxels that
discretizes the subsurface along the depth, i.e., Voxels
that are piled on top of each other, at a certain loca-
tion is herein referred to as the “Voxel column”.

@ Springer


http://www.dinoloket.nl

206 Page 6 of 23

Geotech Geol Eng (2025) 43:206

The studied area is covered by two Voxel columns
(Fig. 3a). 78 CPTs are included in the coverage of
Voxel column 1, whereas Voxel column 2 only cov-
ers 22 CPTs (Fig. 3a). All the 100 equiprobable
realizations for the two available Voxel columns are
shown in Fig. 3b and c. Each lithological class was
assumed to have the same hydro-geo-mechanical

properties as one of the four soil strata in the study
area (Table 1), for consistency. This assumption is
supported by similar stratigraphic conditions of
both the GeoTOP realizations and the CPTs, with
superficial strata of peat and clay, and deeper lay-
ers of silt and sand. Thus, each litho class is then

(a) - Location of the Voxel columns

z T ) | T
2 - ®  CPT location
ar \ Voxel Column 1 coverage
ﬁ \'\ """""" Voxel Column 2 coverage
& \
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2z —
3E 3 -
‘-: i :‘:.(\ //. y n
?;: .21‘ - — - -__()// ~
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o
& f2om | i
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Longitude
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s LT |ll I I" I THITITN
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Realization ordinal number [-]

Fig. 3 The Voxel columns from the available GeoTOP model: a the location of the Voxel columns, b and ¢ the 100 equiprobable

realizations for columns 1 and 2 respectively

@ Springer



Geotech Geol Eng (2025) 43:206

Page 70f23 206

assumed to have the same characteristics as one soil
type for the study area, as shown in Fig. 4.

As briefly mentioned, the “dyke material” con-
sists of sandy and clayey material. Due to that, it
was assumed that its behaviour is similar to sand/
loam, for the similarity between its material proper-
ties reported in Table 1 (de Gast 2020; de Gast et al.
2021a) and those reported in the Dutch norm. Moreo-
ver, as briefly mentioned above, the layers of peat and
clay, which range between —2.8 m up to —10.90 m
to NAP, are both characterized by an organic frac-
tion (de Gast 2020; de Gast et al. 2021a). Thus, it is
reasonable to assume that soil strata within the same
range may be characterized by the presence of an
organic fraction. The dyke material properties are
thus assigned to the uppermost sand litho-classes of
the GeoT'OP realizations (Fig. 4), assumed to rep-
resent prevalently sandy layers with a small clay/
organic fraction that undergoes creep.

In the following numerical simulation, both high-
resolution data (from the CPTs) and low-resolution
data (from Voxels) are used in separate models, with
the results later compared. This approach aims to cap-
ture the effects of lithological heterogeneity at differ-
ent resolutions, facilitating an evaluation of the result-
ing differences.

Fig. 4 Schematic illustra-
tion of the relationship
between a the computed
soil lithoclass from the 0
GeoTOP model and b the
assigned soil type for each
Voxel column realization

Depth to NAP [m]

2.2 Set-up of the Finite Element Models for
Computing Settlements

In this study, 1D, 2D and 3D analyses are carried out
with the software PLAXIS 2D and 3D to investigate
the effect of in-situ lithological heterogeneity on the
settlements occurring at the scale of structures. The
two independent datasets available, one high-reso-
Iution (from the closely spaced CPTs) and one low-
resolution (from the available Voxels), as outlined in
Sect. 2.1, are used to create distinct numerical mod-
els. The results from these models are then compared.
The availability of closely spaced CPTs allows for the
use of 1D, 2D, and 3D models to represent the study
area, whereas due to the low resolution of the Vox-
els, which include only two Voxel columns, only 1D
analyses could be performed. In particular, the strati-
graphic information from the available datasets was
used to construct the model geometry, distinguishing
the different soil layers.

In the case of the 1D analyses (Fig. 5a), the geom-
etry of the models corresponds to each CPT inter-
pretation (Fig. 2d) and each Voxel column (Fig. 3b
and c). It should be noted that all the CPTs were per-
formed from the ground surface, which has a vari-
able elevation in each location as shown in Fig. 2b

Assignment of soil type from the lithological class for Voxel Column 1 (Realization 100)

(a) - GeoTOP realization

(b) - Assigned soil type

Litho-class 0

[:] Antropogenic

- Organic material (Peat)
- Clay

IDID] Silt

E Sand (fine)

Sand (medium)
:] Sand (coarse)

!_;_;— Gravel

""""""""" Cell limits (0.5m)

Assigned Soil

e

Dyke material‘\Sand
. v I 1-10
B==== Organic clay
LTI sitty clay

-12
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The adopted numerical models

(a) - 1D models
Each CPT

[

up to
11.70 m
to NAP

(b) - 2D models
Cross-sections between CPTs

An example of
1D model:

An example of a 2D model.:

(¢) - 3D model
All 100 CPTs

up to
11.70 m
to NAP

The 3D model:

Mgy,

Materials

Dyke material [l Peat N Organic Clay

Sandy Clay

Fig. 5 Schematic illustration of the adopted FE models. The directions x and y represent the local axes of the models. z is the verti-
cal axis along the depth direction. The lower boundary at the bottom of the models is schematically illustrated

and c, up to a depth of about 12 m to NAP. Thus, the
CPTs are characterized by different lengths along the
depth. Therefore, the CPTs were herein truncated at
the depth of 11.70 m to NAP (Fig. 5a), which cor-
responds to the shallowest depth reached among all
the CPTs. The mean length of the truncated CPTs,
adopted hereafter, corresponds to 10.34 m, while the
standard deviation is equal to 0.64 m.

Differently from the CPTs, the elevation of the top
level of the Voxel columns does not differ among the
100 realizations. Moreover, as briefly mentioned in
Sect. 2.1, the Voxel columns provide the stratigraphy
up to a depth of 50 m to NAP. In this study, however,
only the portion of the Voxel columns that covers the
depth of the study area is considered. Therefore, each

@ Springer

Voxel column is truncated in a way that ensures a
length of 10.34 m (Fig. 3b and c), equal to the average
length among all the CPTs. The 2D models represent
the cross-sections obtained by interpolating the strati-
graphic information of the available CPTs (Fig. 5b) in
the directions that correspond to the short and long
sides of the CPTs’ field (directions 1 and 2 in Fig. 2¢
respectively). The same procedure is applied to obtain
the 3D model (Fig. 5¢).

The practical advantage of truncating the CPTs at
the depth of 11.70 m consists of having a horizon-
tal boundary at the bottom of the 2D and 3D mod-
els (Fig. 5b and c). Using a horizontal edge in the 1D
and 2D models, and a horizontal surface in the 3D
models, facilitates the creation of a mesh with more
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regularly shaped elements. This approach helps pre-
vent issues related to irregular elements, which could
potentially cause the numerical analyses to diverge.

In all the models, a constant groundwater table of
—3.94 m to NAP is used, idealizing the in-situ con-
ditions during the time the CPTs were made. The
imposed groundwater level is different from the cur-
rent in-situ conditions, as part of the study area is
now submerged, as shown in Fig. 3a.

For both 1D and 2D analyses, 15-node triangle
plane strain elements are used to discretize the geom-
etry, whereas the 3D models make use of 10-node
tetrahedral elements. Meshing is performed by setting
the global coarseness factor equal to 0.07 in all the
models. For additional information on the coarseness
factor and its influence on the element size, the reader
is referred to (Bentley 2023). The soil layers are mod-
elled with the “Soft Soil Creep” model (SSC), using
material properties reported in Table 1. The SSC
model is able to account for the compressive behav-
iour and viscous effects of very soft soils and requires
three stiffness parameters: the modified swelling
index x*, the modified compression index A* and the
modified creep index p*. SSC is also assigned to the

“dyke material” for its clay fraction. In all the models,
a constant load that simulates the deposition of 1 m of
sand with a volumetric weight of 17 kN/m? is applied
on the surface to trigger the consolidation process
(Fig. 6a). The additional load of 1 m of sand repre-
sents a hypothetical scenario that helps compare the
sensitivity of different sections of the case study to
settlement. This load allows for an evaluation of how
various locations within the study area react to set-
tlement, highlighting the differences in their respon-
siveness to the applied weight, following an approach
similar to (Erkens et al. 2021). In the Netherlands,
urban development on soft soils often involves add-
ing sand to the surface layers to compress the under-
lying soft soil before constructing new buildings. This
sand addition simulates this process, although, in
practice, the actual sand thickness may be different.
This loading condition is herein labelled as “reference
load” (Fig. 6a). For the sensitivity study, additional
analyses are carried out by doubling the reference
load (““double load” in Fig. 6b) to amplify the plas-
tic deformation in the model. Another set of analyses
uses the reference load but the groundwater table was
completely removed (“no groundwater” in Fig. 6¢) by

-

Model Loading scenario
— )
(a)
~~7 Models with reference load
(1 meter of sand)
777777777774 )
(b)
——--  Models with double load
(1 meter of sand
with double mass)
— )
©
Models with no groundwater
(1 meter of sand
no groundwater)

o

J

Fig. 6 Schematic illustration of the three load scenarios for the 1D, 2D and 3D models
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fictitiously setting the water head to — 15 m to NAP in
the models. This adjustment eliminated consolidation
effects, allowing for further evaluation of the ground-
water table’s influence on settlement behaviour.

The adopted finite element models represent
hydro-mechanical models, which account for the
interaction between the hydraulic and mechanical
behaviour. A phased analysis approach is employed
in all the models, simulating sequential loading stages
to study the progressive behaviour of the soil as it
evolves over time. Therefore, the generation of the
initial stresses of the soil, the application of the load
on the ground surface resulting in the generation of
excess pore water pressure and the consequential con-
solidation process are distinguished in the analysis as
follows:

1. First, the pore pressure and the stresses are ini-
tialized using the KO procedure. This procedure
defines the initial stresses taking into account the
loading history of the soil (Bentley 2023). The
relationship between the vertical and horizontal
stresses is determined by the coefficient KO, as a
function of the pre-overburden pressure (POP in
Table 2).

2. Then, the load is applied in the Plastic phase, and
the excess pore water pressure is generated and
has no time to dissipate.

3. Finally, consolidation phases are used to simu-
late the consolidation process at different time
intervals. A consolidation calculation is typically
performed to evaluate the development and dissi-
pation of excess pore pressure over time (Bentley
2023). To avoid potential iteration convergence
issues, load application and consolidation are
addressed separately instead of applying the load
directly via a consolidation analysis (Bentley

Table 2 The adopted phased analyses and numerical settings

2023). This phase is a time-dependent phase and
simulates the consolidation process and creep.

Additional information regarding the different set-
tings of phased analyses used for the numerical analy-
ses is summarized in Table 2. Accordingly, the settings
of the iteration procedure are reported.

Regarding the boundary conditions of the models,
During the KO procedure, the initial water pressure is
hydrostatic and based on the groundwater level. In this
phase, all boundaries except for the bottom boundary
are draining. During the load application and consoli-
dation phases, the drainage boundaries are assumed
to be at the ground surface and the bottom of the soil,
while the lateral boundaries are considered closed. The
horizontal displacements at the lateral boundaries are
fixed while the vertical displacements are free (de Gast
2020).

Settlements, defined as the time-dependent reduction
in height of each soil layer (or the cumulative sum of
their contributions), are computed using finite element
analyses.

2.3 Correlation Length for Spatial Variability of
Settlement and Soil Lithological Heterogeneity

The correlation length or scale of fluctuation, herein
labelled as “@”, represents a convenient metric to
describe the distance within which observations are sig-
nificantly correlated (Vanmarcke 1984). The correlation
length 6 is determined by fitting the empirical deter-
mined auto-correlation function p described in Eq. (1):

G)

’= %0

ey

Phase Calculation type Pore pres- Time Max steps Tolerated error Max number Max load
sure calcula- [days] of iterations fraction per
tion time step

Initial phase KO procedure - - - - - -

Load application Plastic Use pres- 0 1000 0.01 60 0.5

From 1 up to 5000 years  Consolidation sures frqm From 365 up

of consolidation (1, 10, the previ- to
20, 30, 40, 50, 100, 500, ous phase 1.825x10°

5000 years)
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where 7(r) represents the empirical covariance func-
tion for the lag distance 7. For observations unevenly
spaced on a grid, such as the grid represented by
CPTs’ locations of the study area herein presented,
7() can be computed as (2) (de Gast 2020):

R v, o~ -
P =— Z,(y,» = D0y = ) @)

where i is the mean of the dataset, j is a counter rep-
resenting the index of the first of a pair at lag distance
7, Aj represents the index spacing of a specific pair of
observations for a non-uniformly distributed dataset
and ¢ is the number of pairs at lag distance 7. The lag
distance represents the physical distance between the
observations in the dataset.

In other words, for each lag distance 7z, a sub-sam-
ple is defined as the number of pairs of observations ¢
at that distance 7. The covariance is 7(r) is then com-
puted for the sub-sample, using the mean of the entire
dataset 1.

The empirically determined auto-correlation func-
tion p is fitted by the squared-exponential (Gaussian)
function in Eq. (3):

2
p(r) = exp l—fr <%|> ] 3

A MATLAB algorithm is used to perform the fit-
ting procedure to obtain the correlation length 6. In
particular, data are grouped for intervals of lag dis-
tances 7 of 1 m. A lower bound of 6 is imposed equal
to the minimum distance between two CPTs of the
study area (about 1 m in this study). The lower bound
is imposed to avoid values of  smaller than the mini-
mum distance between CPTs, which would have no
physical meaning.

3 Results

3.1 Quantification of Local Lithological
Heterogeneity Using the Correlation Length for
Variable Soil Thicknesses

The maps in Fig. 7a—d display the spatial distribu-
tion of the soil thickness for each soil material. The
thickness of the dyke material is higher, as expected,
in proximity to the dyke crest, whereas the thickness

of the organic clay progressively increases toward the
polder. The organic clay material exhibits, on average,
the highest thickness (5.99 m), see Fig. 2, followed
by the peat (2.06 m) the dyke material (1.46 m) and
the silty clay (0.82 m). The dispersion of the values
of soil thickness is reported using the Coefficient of
Variation (CoV) in Fig. 7a—d. The organic clay layer
is associated with the smallest dispersion (0.07) fol-
lowed by the peat (0.16), the silty clay (0.19) and the
dyke material (0.68).

The variation of the soil thickness for each layer is
visualized using box plots in Figs. 7e to h, which dis-
play the median (dashed lines), the interquartile range
(the height of each rectangle) and the upper and lower
bounds of the thickness of the soil strata of the avail-
able CPTs logs.

The soil thickness at each CPT location is used
to determine the correlation length of the material
thickness, labelled as 0,, for each material (Fig. 7i-1),
according to the procedure detailed in Sect. 2. The
dots in the plots represent the values of p obtained
with Eq. (1), while the lines result from the fitting
procedure that uses Eq. (3).

The organic clay is the soil strata associated with
the highest value of the 6,, followed by the dyke
material, the peat and silty clay layer. However, the
silty clay presents a 6, equal to the lower boundary
imposed in the fitting procedure, i.e., 1 m. This can be
related to the fact that the silty clay has a limited (and
truncated, as briefly described in Sect. 2.2) thickness.
For this reason, the computed values of the correla-
tion length for the silty clay may be less reliable com-
pared to those for the other soil layers.

3.2 Correlation Length of the Computed Settlements
at In-Situ and National-Level Resolutions

The numerical models give the vertical displace-
ments of each soil stratum (i.e., dyke material, peat,
organic clay, silty clay), and the cumulative vertical
displacement, i.e., the sum of all the contributions
corresponding to the settlement of the ground sur-
face, at the location of each CPT, for both the 1D, 2D
and 3D analyses. In the case of the Voxel columns,
the material strata at a certain depth vary among the
different realizations, thus it is not possible to retrieve
the displacement of each material and only the cumu-
lative vertical displacement is considered. An exam-
ple of the results of the 1D numerical analyses is

@ Springer
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(a) - Dyke material (b) - Peat

(c) - Organic Clay (d) - Silty clay
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Fig. 7 Soil layer thickness maps (top row), box plots (mid-
dle row), and autocorrelation analyses (bottom row) for dif-
ferent soil materials: a, e, i Dyke material, b, f, j Peat, c, g,
k Organic clay, and d, h, 1 Silty clay. The maps in (a—d) are
obtained via linear interpolation and display the spatial varia-
tion in soil thickness. The box plots in (e~h) show the distribu-

shown in Fig. 8 for the reference load. The organic
clay material is the layer where the excess pore pres-
sures develop the most (Fig. 8b) and, in turn, it is
the layer that contributes the most to the total settle-
ment (Fig. 8c). On the contrary, as expected, the silty
clay has the smallest contribution to the total settle-
ment (Fig. 8c), which is also the result of its small
thickness (Fig. 7d and h) and the low compressibil-
ity assigned (Table 1). For this specific model, the
excess pore pressure (Fig. 8b) is observed to dissi-
pate rapidly, within less than 10 years. The settlement
observed thereafter is primarily the result of second-
ary consolidation of the peat and organic clay layers

@ Springer

tion of soil thickness values, highlighting medians and outliers.
The autocorrelation plots (i-1) present the empirical autocor-
relation function p(t) (grey dots) and the fitted function (solid
line), with the corresponding correlation length 6, provided for
each soil material

(Fig. 8c). This aspect is evident as the settlement
versus the logarithm of time curves change the slope
and become linear when the creep effect becomes
predominant (Fig. 8c). As a consequence, the final
settlement, after 5000 years, will be primarily influ-
enced by creep, once the excess pore water pressure
has been fully dissipated at all CPT locations.

A comprehensive picture of the effect of the dif-
ferent soil layers is shown in Fig. 9. Accordingly,
the final (i.e., 5000 years) settlement of each layer is
shown with maps obtained by linearly interpolating
the results of the 1D, 2D and 3D models subjected
to the reference load at all the CPTs’ locations.
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Fig. 8 An example of the results of one of the 1D models subjected to the reference load: a the CPT interpretation and the ground-
water level, b the development of the excess pore water pressure and ¢ the computed settlements against time

The maps provide a picture of the spatial variabil-
ity of the computed settlement for each soil layer
and the sum of their contributions. The results con-
firm how the layers “dyke material” (Fig. 9al-a3)
and “silty clay” (Fig. 9d1-d3) contribute the least
to the overall settlements at all the CPTs’ loca-
tions, as observed in Fig. 8. As expected, for each
soil stratum, the areas with the highest and lowest
settlements correspond to those of the soil thick-
ness specific to that material (shown in Fig. 7). In
other words, the spatial variability of the soil thick-
ness matches that of the computed settlements for
each material. Moreover, the values of the disper-
sion, i.e. CoV, of the computed settlements for each
material (Fig. 9) match those of the material thick-
ness for each soil (Fig. 7). In particular, the organic
clay layer is associated with the smallest dispersion
(from 0.06 to 0.08) followed by the peat (0.15 and
0.16), the silty clay (from 0.19 to 0.24) and the dyke
material (from 0.64 to 0.78).

The similarity in the CoV of the computed settle-
ments for each soil layer and the corresponding CoV
of the material thickness suggests that their variability

is comparable, despite the CoVs referring to different
metrics.

Each layer is observed to have settlements that
only slightly change in terms of magnitude and spa-
tial distribution among the 1D, 2D and 3D analyses.
Nevertheless, the differences among the layers accu-
mulate, and the total settlement varies among the
analyses considered (Fig. 9el-e3). While it appears
that the spatial variability of settlement across the soil
layers is not influenced by the 1D, 2D, or 3D numeri-
cal models, the sum of their contributions suggests
otherwise.

In Fig. 9e3, it is observable how the 3D analyses
better distinguish the behaviour of the three portions
of the dyke, i.e., the crest, slope and polder (Fig. 2b),
whereas the settlement is more uniform in the case of
1D (Fig. 9el) and 2D models (Fig. 9¢2).

The computed vertical displacements of each soil
stratum (shown for instance in Fig. 8) are used to
obtain the correlation length of the settlement 6, for
five time steps, 1, 10, 50, 500 and 5000 years. Hence,
the use of five time steps allows investigation of the
time dependency of 6,.

@ Springer
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1D models

Dyke Material

Peat

Organic Clay

Silty Clay

Total

2D models

3D model

Computed settlements [m]

Fig. 9 The settlement maps are derived from the linear interpolation of the final (i.e., 5000 years) settlement computed at each CPT

location via the numerical models of the reference load (Fig. 6)

Figure 10 shows the mean (markers) and the stand-
ard deviation interval (error bars) of the values of 6,
for each soil layer and of the total settlement, com-
puted considering the selected time steps. The plots
are distinguished by the type of loading scenario
(Fig. 6). Additionally, the values of the correlation

@ Springer

length of the soil thickness O, for each material,
already reported in Fig. 7, are also plotted to allow a
better visual comparison between the results.

The type of analyses (i.e., 1D, 2D and 3D models)
is not observed to significantly influence the values
of 0. This can be attributed to the above-mentioned
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Fig. 10 Values of the correlation length of the computed
settlement of each soil statum for each loading condition.
The values correspond to the mean and the standard devia-

similarity between the spatial distribution of the com-
puted settlements for each layer, shown in Fig. 9.
However, the small localized differences in the com-
puted settlement of each layer influence the spatial
distribution of the total settlement, hence influencing
its O, values.

In the case of the peat layer, the scale of fluctua-
tion O, varies depending on the considered loading
scenario: in the case of the double load, the peat layer
exhibits higher mean and standard deviation values of
0, for all the types of models. This is explained by the
fact that in the case of the double load, the peat layer
has a higher contribution to the overall settlements at
some specific CPT locations compared to the case of
the reference load and the models with no groundwa-
ter. This can be a consequence of the low compress-
ibility assigned to the peat layer (Table 1), which
makes it the stratum that is influenced the most by a
change in the applied superficial load. Additionally,
the observed time dependency may stem from the fact
that some locations experience settlement more rap-
idly than others, thereby amplifying the scale of fluc-
tuation in the peat layer.

tion of O considering the five time steps, i.e., 1, 10, 50, 500
and 5000 years for: a reference load, b double load and ¢ no
groundwater (see Fig. 6)

The values of 6, and 6, are observed to be in good
agreement for all the soil strata.

3.3 Comparison Between In-Situ (CPTs) and
National-Level (Voxel Columns) Models

The settlement of the in-situ specific 1D, 2D and 3D
models and the 1D Voxel realizations are plotted as
distributions to investigate their differences (Fig. 11).
The distributions are shown for each analysis, load-
ing condition and selected time step. Additionally,
the values of the mean and coefficient of variation of
the distributions are plotted and they are reported in
Table 3.

Although for each loading scenario, the results of
all the models have similar values of mean and dis-
persion (Table 3), their shapes slightly vary: the dis-
tribution of the computed settlement of the 3D mod-
els resembles a non-symmetric bi-modal distribution,
due to the difference between the results of the dyke
crest and slope, and the polder area. Conversely,
the 1D and 2D models are more akin to unimodal
distributions.
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Fig. 11 Empirical distribution functions of the total settle-
ment computed for all the loading conditions and the numeri-
cal models, described in Sect. 2.2, for the selected time steps.
The distributions show the results at the 100 CPTs’ loca-

The results reported in Table 3 confirm that over-
all, 1D, 2D, and 3D analyses based on the high-reso-
lution dataset do not show major differences in terms

@ Springer

tions (Fig. 2) and the 100 realizations for two Voxel columns
(Fig. 3). The darker and lighter areas in the plots separate the
results for the CPTs and the Voxel columns, respectively. The
red cross (+) markers show the mean of each distribution

of mean or dispersion. However, the CoV consist-
ently increases from the 1D analyses to the 2D, and
then further to the 3D models, while the changes
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over time are negligible. In particular, the 3D models
have twice the relative variability of the 1D analyses,
and this aspect indicates greater heterogeneity in the
computed settlements. As discussed in Sect. 3.2, 3D
analyses may more accurately capture the variable
response across different locations of the study area
compared to 1D and 2D analyses.

The 1D models of the Voxel columns present val-
ues of the mean and dispersion similar to those of the
1D, 2D, and 3D in-situ specific analyses (Table 3). In
particular, the computed settlement of Voxel Column
1, which covers most of the study area (Fig. 3a), pre-
sents a bi-modal shape similar to the 3D in-situ spe-
cific models. However, the variability in the results
for Voxel Column 1 can primarily be attributed to the
variability in the stratigraphy, which is inherent to the
low-resolution dataset (see Sect. 2.1) and does not
necessarily reflect the realistic variability of the study
area’s features. Nevertheless, the similarity in terms
of mean and dispersion of the computed settlement
between the Voxel columns (low-resolution dataset)
and the CPT-based models (high-resolution dataset)
suggests a good agreement in the representation of
the overall response of the study area between the two
datasets.

The agreement between the CPT-based and Voxels
models is not significantly influenced by the different
load scenarios. Depending on the loading scenarios,
the magnitude of the mean and dispersion of the com-
puted settlement may vary, however, low-resolution
models present good agreement with the high-resolu-
tion models.

4 Discussion

In this study, an area is selected to investigate litho-
logical heterogeneity and its effects on settlement
occurrence. Toward this aim, exploratory analyses are
carried out by means of finite element models, includ-
ing 1D, 2D and 3D numerical analyses and differ-
ent loading scenarios. The loading conditions repre-
sent idealizations, they are not intended to reproduce
realistic consolidation scenarios for the study area.
Conversely, they enable investigation of how litho-
logical heterogeneity influences the spatial variation
of the computed settlement due to different imposed
loads. It is important to note that the findings of this
study could be significantly enhanced through further
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research, particularly validation against experimental
or field data. However, such data are not currently
available.

It should be noted that this study mainly focuses
on the effects of soil stratification, while more com-
plex loading conditions may further enhance the spa-
tial variation of the computed ground settlements, as
reported in (Peduto et al. 2022).

In the selected study area, no structures exist on
the ground surface. The presence of subsurface struc-
tures, such as residential buildings or embankments,
could also add complexity to the problem and has
been intentionally disregarded in this study. In other
words, this research excludes the impact of structures
and instead focuses on the variability in soil strata
thickness. Nevertheless, such effects should be con-
sidered in future research.

Moreover, the effects of the variability of the
hydro-geo-mechanical properties, i.e., inherent spatial
soil variability, are purposively neglected to focus on
the sole impact of lithological heterogeneity.

4.1 Quantification of Soil Thickness Variability and
Comparison with Prior Research

Regarding the scale of fluctuation of the material
properties, (Breysse et al. 2005) reported there is
always a critical value that can augment differential
settlements, which depends on the governing geo-
metrical parameters and conditions of the consid-
ered problem. Furthermore, prior research has dem-
onstrated how variations in soil properties beneath
foundations can exacerbate distortions and lead to
differential settlements that affect structures (Houy
et al. 2005; Denis et al. 2011; Jamshidi Chenari et al.
2019; Bezih et al. 2025). However, previous studies
often focus on the impact on settlement without dis-
tinguishing whether the variations in soil properties
beneath structures are primarily due to changes in
mechanical and hydrological properties or variations
in stratigraphy. The analyses reported in (Jamshidi
Chenari et al. 2019) show that the differential settle-
ment of the adjacent footings bears greater values for
the scales of fluctuation ranging from 2 to 6 m. Simi-
larly, a critical correlation distance ranging from 4
to 12 m has been identified in (Bezih et al. 2025) for
reinforced concrete structures.

The results of this study suggest that the combi-
nation of both the spatial variability of lithological
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conditions and material properties could potentially
enhance differential settlements more than either fac-
tor alone.

This study focused on the spatial variability of
the lithological conditions, including the soil types
and their thickness, rather than the material proper-
ties. However, the computed values of the correlation
length 6, (Fig. 7) range between about 2 and 10 m
(Fig. 7). Therefore, even though the correlation length
addressed herein refers to lithological heterogeneity
rather than the variability of the material properties,
the values align with those reported in (Jamshidi Che-
nari et al. 2019; Bezih et al. 2025).

These findings have implications for the design of
foundations and structures: for example, the results
emphasize the potential risks of assuming that soil
strata are uniformly horizontal, with no variation in
thickness or inclination. While such an assumption
may serve as a useful simplification for many engi-
neering problems, it should be applied with caution,
as it may not accurately capture the complexities of
the actual subsurface conditions.

4.2 The Variability of the Computed Settlement in
High-Resolution Models

The in-situ specific 1D, 2D and 3D numerical simula-
tions enable computing the contribution of each soil
layer to the total settlement, and their spatial variabil-
ity O, as shown in Fig. 10. The computed values of
the correlation length 6 of all the soil layers do not
depend on the groundwater conditions. In the case of
the peat layer, the values of 6, are observed to vary
at different time steps of the model subjected to the
doubled load.

For all the soil layers, a good match is observed
between the values of 6, and 6 (Fig. 10), pointing
toward a relationship between the two parameters. In
other words, the analyses reveal that spatial variabil-
ity of the material thickness of each soil layer matches
the one of their contribution to settlements.

In particular, the dispersion (CoV) and spatial var-
iability (0) of the material thickness are observed to
mirror those of the computed settlements, as observed
comparing Figs. 7 and 9. This supports the idea that
lithological heterogeneity may directly influence the
occurrence of differential settlements at the scale of
structures, as often seen in practical scenarios, and, in
turn, lead to damage. Further studies that include the

presence of the building and its response are recom-
mended to test this conclusion.

The correlation length 6, of the total settlement
changes depending on the type of model, i.e., 1D, 2D
or 3D (Fig. 10). In particular, the 3D subsurface mod-
els present the highest values with the smallest dis-
persion of 0,. Moreover, 1D models in terms of total
settlement (Fig. 9a3) are visually more uniform and
present less variation compared to the results of the
2D and 3D models (Fig. 9a3—e3 respectively). This
trend is confirmed by the distributions of the com-
puted settlement, plotted in Fig. 11. In general, 3D
models better represent the interaction between the
different CPTs, compared to 2D in which the inter-
action is limited to one of the directions (i.e., X-axis
in Fig. 5) and 1D models, in which it is excluded.
Although in all the analyses the drainage of the
excess pore water pressure is allowed only on the
top and bottom of the numerical models, as briefly
described in Sect. 2.2, the excess pore water varies in
the x-direction (Fig. 5b) in the 2D models, and in the
x- and y- direction in the 3D models (Fig. 5c). Thus,
this leads to the development of different stresses
and, in turn, to the difference in the computed settle-
ments. The 3D models better distinguish the behav-
iour expected from the different areas of the dyke, as
described in Sect. 3, and are thus associated with the
greatest heterogeneity in the computed settlements.
This observation supports the use of 3D analyses to
accurately depict the influence of lithological hetero-
geneity on similar problems. However, it is important
to note that 3D analyses generally involve greater
model complexity and computational demands com-
pared to 1D and 2D models, which may limit their
broader application. 3D models often necessitate
detailed stratigraphic information, which is readily
available in this study. However, in other applications
where such detailed data is limited or unavailable,
the use of 1D or 2D analyses may become a practical
necessity.

4.3 Comparison Between the In-Situ and
National-Level Models: The Effect of Different
Resolutions

The distributions of the computed settlements of the
3D models resemble asymmetric bi-modal distribu-
tions for all the loading conditions and all the selected
time steps (Fig. 11). This effect, as mentioned above,
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is related to the different responses of the dyke crest,
slope and polder. A similar shape is observed in the
case of Voxel column 1. Voxel column 1 may better
idealize the in-situ subsoil conditions compared to
Voxel column 2, as it covers the same area covered
by the majority of the CPTs (Sect. 2.1). Therefore,
the similarities in terms of the shape of the distribu-
tion, mean values and standard deviation between
the results of the CPTs’ models and the Voxel mod-
els (Table 3) may indicate that both resolutions can
depict the variability of the settlement in the study
area. In other words, the 100 equi-probable realiza-
tions of the GeoTOP model at a specific location may
provide a picture of the variability of the lithological
conditions and, in turn, the variability of the settle-
ment. However, it is important to mention that the
100 realizations differ not only as a result of the soil
heterogeneity at a specific area, but also due to the
modelling assumptions used to derive them, as well
as the adopted borehole logs, their number and qual-
ity (Stafleu et al. 2011, 2021). Thus, although in this
study the variability of the settlements computed at
the scale of single structures is reflected by the vari-
ability of the settlements of the Voxel realizations for
the study area (see Fig. 11), additional analyses are
required to further validate this conclusion in other
areas.

The differences between low-resolution (Voxels)
and high-resolution (CPTs) models are not observed
to depend on the loading scenarios. While these load-
ing scenarios impact both the magnitude and disper-
sion of the calculated settlement, the overall shape of
the distributions remains consistent. Moreover, the
relative agreement between CPTs and Voxels models
is maintained.

To allow a consistent comparison, it was required
to integrate the engineering judgment in the inter-
pretation of the Voxel realizations to better match
the in-situ characteristics of the selected study
area. The sand litho-classes of the GeoT'OP models
were herein assumed to have the same hydro-geo-
mechanical properties of the superficial soil strata
of the dyke (i.e., “dyke material/sand” in Fig. 4), as
briefly described in Sect. 2.1. This step was required
to assign the parameters for the numerical simula-
tions (i.e., Table 1), and to allow a consistent com-
parison between the results of the two independent
datasets removing the dependency from the material
properties.

@ Springer

5 Conclusions

In this exploratory study, the effects of the in-situ
lithological heterogeneity are investigated by employ-
ing numerical simulations. The numerical models
depict the behaviour of the study area at high (in-situ
level, over a very fine grid ranging from 1.25 mX5 m
up to 5 mx5 m) and low (national level, grid of
100 mx 100 m) resolutions. The effect of different
loading and hydrostatic conditions is herein investi-
gated. Thus, it is observed that:

e Settlements computed using 3D models based on
the high-resolution dataset exhibit twice the rela-
tive variability, quantified by the coefficient of
variation, compared to 1D analyses of the same
dataset. This increased heterogeneity in the 3D
model settlements highlights a more accurate rep-
resentation of the varying behaviour across differ-
ent parts of the study area compared to the two-
and one-dimensional analyses. This suggests that
3D analyses are required to accurately account for
the effects of lithological heterogeneity.

e The correlation lengths, calculated based on soil
layer thickness, range from 2 to 10 m and align
with those derived from the computed settlement
for each corresponding soil layer. In other words,
the spatial variability of the material thickness
matches the spatial variability of the soil settle-
ments due to a uniform load and excluding the
variation of the material properties.

e The correlation length of the material thickness
and settlement, ranging between 2 and 10 m, is
in the same order of magnitude as the extent of
typical structures, e.g., houses, roads and embank-
ments. This suggests that the spatial variability of
soil layer thickness can cause uneven settlement at
the structural scale, potentially leading to damage.

e A good agreement is observed between the settle-
ments computed using models based on high-res-
olution (in-situ level) and low-resolution (country
level) datasets. Specifically, the distributions of
settlements derived from the two datasets align
closely in terms of their mean, dispersion, and
overall shape.

e The values of the dispersion of the material thick-
ness, quantified by the coefficient of variation,
match well with those of the computed settle-
ments for each soil layer, indicating a relationship



Geotech Geol Eng (2025) 43:206

Page 21 of 23 206

between the two parameters, despite the CoVs
referring to different metrics. For instance, for
the peat layer, the CoV of the material thickness
is 0.16, which closely matches the computed set-
tlement for the peat layer the CoV ranges between
0.15 and 0.16.

e In this study, the spatial variability of the litho-
logical variations in the soil stratigraphy, ranging
between 2 and 10 m, is observed to have the same
order of magnitude as that reported in previous
studies for the material properties of soil layers.
Therefore, the two effects could contribute with
similar relevance in augmenting the differential
settlements at the scale of structures.

The analyses indicate that local variation in the soil
stratigraphy can be a source of unevenness in the spa-
tial distribution of ground settlement. The findings of
this study are expected to serve as a foundational step
for further analyses aimed at evaluating the effects of
lithological heterogeneity, combined with the inherent
variability of soil properties, on buildings situated in
areas susceptible to ground settlement. Additionally,
this research establishes a solid basis for conducting
tests or obtaining field measurements to facilitate fur-
ther validation. It is hoped that this work will spark
interest in the topic, inspiring future research to carry
out experiments and collect field data, that could be
used for cross-validation.
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