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Abstract

Regional geotechnical archives contain valuable information for numerical modelling,
but they are rarely organised in a form that supports traceable derivation of constitutive
input parameters for advanced geotechnical analysis. This study develops a groundwater-
corrected workflow for transforming regional borehole and consolidation records into finite
element-ready constitutive parameter sets for shallow clayey soils, using Al Qadisiyah
Governorate, Iraq, as a case study. The workflow combines data cleaning; treatment of
limited missing data; derivation of λ, κ, e0; preconsolidation pressure, initial effective
vertical stress; overconsolidation ratio; and correction of effective stress using observed
groundwater conditions. The derived parameter set captures the compressibility, initial
state, and stress history variables commonly required for Modified Cam-Clay-based finite
element modelling, providing a practical workflow for parameter derivation from routine
regional borehole and consolidation data. The results reveal clear vertical and lateral vari-
ability in compressibility, density state, and stress history, indicating that the investigated
deposits cannot be represented adequately by a single regional parameter set. Groundwater
correction was essential for realistic estimation of effective stress and OCR, particularly
given the shallow groundwater table throughout the study area. The processed constitutive
input dataset was translated into representative finite element material libraries in both
overall and depth-specific forms, while GIS-based maps were developed to support spatial
interpretation and location-informed parameter selection. The main contribution is the in-
tegrated and traceable conversion of regional borehole records into groundwater-corrected
constitutive parameters and practical FE material libraries, rather than the separate ap-
plication of existing empirical or mapping tools. This study demonstrates that routine
borehole archives can be transformed into traceable constitutive resources for finite element
modelling of shallow clay deposits, supporting preliminary material assignment, depth
depth-specific interpretation, and location-informed parameter selection.

Keywords: constitutive parameterisation; Modified Cam-Clay-based modelling; finite
element modelling; overconsolidation ratio; preconsolidation pressure; groundwater cor-
rection; borehole database; GIS mapping
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1. Introduction
Finite element modelling has become a standard tool in geotechnical engineering

for the analysis of settlement, excavation response, embankment performance, and soil
structure interaction [1–3]. As numerical modelling has become more common in design
and research, greater attention has been given to the selection of constitutive models and
the reliability of input parameters [4,5]. The predictive quality of a finite element analysis
depends not only on mesh design, boundary conditions, and loading assumptions, but also
on whether the adopted constitutive parameters adequately represent the compressibility,
stress history, and yielding behaviour of the subsurface materials [6,7]. This issue is
especially important for fine-grained soils, where stress-dependent stiffness, volumetric
hardening, and overconsolidation effects strongly influence the response [8,9].

Among the constitutive models available for clayey soils, the Modified Cam-Clay
model remains one of the most widely used because of its basis in critical state soil me-
chanics and its relatively compact set of physically meaningful parameters [10–12]. In
practical applications, the model requires parameters that describe virgin compression,
swelling or recompression, initial state, and stress history, commonly expressed through λ,
κ, e0, preconsolidation pressure, and overconsolidation ratio [7,10,13]. These parameters
provide a rational framework for modelling normally consolidated and overconsolidated
clay behaviour, and they are implemented in widely used numerical platforms. Despite
this theoretical and practical importance, the direct use of Modified Cam-Clay (MCC) in
routine engineering remains constrained by parameter availability. In many projects, the
available information does not come from a dedicated constitutive testing programme,
but from regional or project-based borehole archives containing partial oedometer results,
index properties, unit weight data, undrained strength, and field test records. Such datasets
often contain useful information, but they are rarely structured in a way that allows direct
and traceable conversion into FE-ready constitutive inputs.

A large body of previous research has addressed the determination of Cam-Clay type
parameters through laboratory testing, constitutive calibration, and numerical back analy-
sis [14–16]. These studies have significantly improved understanding of clay behaviour
and model implementation. However, much of that work has focused on high-quality site-
specific datasets, advanced laboratory testing, or inverse calibration against case histories.
While such approaches are valuable, they do not fully address a common practical problem
in geotechnical engineering, namely how to transform incomplete routine investigation
records into a standardised material library that can be directly assigned to finite element
models. In many engineering settings, the challenge is not the absence of data altogether,
but the absence of a transparent workflow that can convert available data into defensible
constitutive parameters. Another important stream of research has examined empirical
relationships for estimating compressibility-related properties from index tests and rou-
tine laboratory measurements. Correlations between liquid limit (LL) and compression
index (Cc), as well as relationships linking void ratio e0, plasticity, and consolidation be-
haviour, have long been used in preliminary geotechnical characterisation [17–19]. These
correlations are useful when direct measurements are incomplete, but their application
in constitutive modelling requires careful standardisation and clear acknowledgement of
assumptions. Similarly, preconsolidation pressure σ′

p is a key descriptor of stress history, yet
in compiled datasets it is often affected by differences in interpretation methods, reporting
conventions, or incomplete metadata [20,21]. As a result, two major obstacles arise when
regional databases are used for constitutive modelling. The first is the need to derive
missing or incomplete parameters in a consistent way. The second is the need to preserve
engineering meaning so that the resulting parameter set remains suitable for numerical
analysis rather than becoming a purely statistical product.
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Geotechnical zonation studies provide another relevant background for the present
work. Spatial grouping and geographic information system (GIS)-based maps visualisation
of subsurface conditions are increasingly used for site characterisation, hazard assessment,
and mapping of engineering properties from borehole datasets [22,23]. However, many
recent GIS-based geotechnical mapping approaches remain focused primarily on strati-
graphic description, index classification, standard penetration test (SPT) N-values, bearing
capacity, or spatial interpolation of individual engineering variables [22,23]. These meth-
ods are useful for general ground characterisation, but they do not necessarily produce
zones that are directly compatible with constitutive modelling. For finite element (FE)
analysis, the objective is not simply to separate soils by description but to identify groups
of materials with similar mechanical response under the constitutive law adopted in the
model [7,16]. A constitutive zone in this sense should be defined by parameters related to
compressibility and stress history, not only by stratigraphic or classification labels. This
distinction is important because a geological unit may still contain significant variations in
overconsolidation ratio (OCR), preconsolidation pressure, or compressibility, all of which
strongly influence model response [24].

A further issue that is often underrepresented in database-driven parameter derivation
is the treatment of groundwater in the estimation of initial effective vertical stress. For clay
deposits with shallow groundwater, reliance on dry overburden stress alone can distort
the estimated stress history and lead to unrealistic OCR values, because OCR is controlled
directly by the relationship between preconsolidation pressure and the current effective
stress state [25,26]. Since OCR directly affects constitutive response in Modified Cam-Clay
(MCC), the refinement of effective stress using groundwater conditions is not a secondary
adjustment but a necessary part of parameter derivation [16,27]. Nevertheless, many com-
piled borehole datasets are processed without a clear correction strategy for groundwater,
particularly when the aim is regional characterisation rather than single-site interpretation.
Taken together, the existing literature shows strong development in three related areas,
namely constitutive modelling of clays, empirical estimation of compressibility parameters,
and geotechnical zonation [28,29]. However, a practical gap remains between these areas.
There is still limited guidance on how to move from incomplete borehole-based geotech-
nical records to a finite element-ready constitutive material library through a transparent
workflow that includes data cleaning, treatment of missing values, standardisation of
preconsolidation pressure, refinement of effective stress using groundwater information,
derivation of key constitutive parameters, and grouping into mechanically meaningful
constitutive zones. This gap is especially relevant for regional datasets, where the available
information may be substantial in volume but inconsistent in format and completeness.

The present study addresses this gap by developing a groundwater-corrected method-
ology for deriving constitutive input parameters from a regional borehole database of
shallow clayey soils. Routine geotechnical and consolidation-related records are used to
derive λ, κ, e0, preconsolidation pressure, initial effective vertical stress, and OCR. The
derived parameters are then organised for depth-wise interpretation, GIS-based spatial
mapping, material grouping, and finite element (FE) material library development. The pur-
pose is to convert conventional borehole records into a constitutive dataset that is traceable,
mechanically interpretable, and directly useful for preliminary finite element modelling.

The objectives of this study are to develop a reproducible workflow for deriving
constitutive input parameters from regional borehole and laboratory records, refine the
estimation of effective stress and OCR using shallow groundwater conditions, evaluate
the vertical and spatial variability of the derived constitutive parameters, and produce
representative FE material libraries for practical parameter assignment in numerical mod-
elling. These objectives provide a direct link between routine site investigation records and
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constitutive model implementation. The study focuses on constitutive input parameters
that can be derived from routine borehole and consolidation records and are organised for
MCC-based finite element material assignments rather than independent calibration of the
full critical state model.

The novelty of this study does not lie in proposing a new constitutive model or a
new empirical correlation. Instead, its contribution lies in developing a transparent and
reproducible workflow that connects several normally separate stages of geotechnical
interpretation into a single FE-oriented framework. The first novel aspect is the con-
version of regional borehole archives into a traceable MCC parameter dataset, in which
measured, estimated, and completed variables are treated systematically for constitutive
use. The second is the incorporation of location-specific groundwater correction before
OCR calculation so that the stress-history parameters used for material grouping reflect
the effective in situ stress state rather than dry overburden assumptions. The third is
the translation of the processed MCC parameter space into practical FE material libraries,
reported in both overall and depth-specific forms, together with GIS-based spatial maps
that support location-informed parameter selection. In this sense, this study advances the
practical use of routine geotechnical archives by transforming scattered borehole records
into groundwater-corrected, spatially interpreted, and FE-ready constitutive resources for
shallow clayey soils.

2. Study Area and Dataset
2.1. Study Area

The study is based on a regional geotechnical database compiled from borehole records
in Al Qadisiyah Governorate, Iraq. The area is representative of lowland, fine-grained
deposits where shallow clayey soils govern the near-surface geotechnical response and
where numerical modelling for settlement, foundation behaviour, and earthworks requires
defensible constitutive parameter selection. From an engineering perspective, the relevance
of the study area lies in the combination of widespread cohesive soils, shallow groundwater
conditions [30], and the availability of routine but incomplete investigation data. These
characteristics make the region suitable for developing and testing a workflow that converts
conventional borehole records into finite element-ready constitutive inputs. The present
study does not treat the site merely as a local case history. Rather, the study area is used as
a regional-scale implementation setting for a transferable framework aimed at converting
routine geotechnical information into MCC parameter sets and constitutive zones. This
positioning is important because the practical problem addressed here is not unique to one
location. Similar conditions are encountered in many alluvial and deltaic environments
where regional site investigation data are abundant but are not organised in a form suitable
for constitutive modelling. The spatial distribution of the selected investigation stations
used in the analysis is shown in Figure 1. Each station represents a grouped set of borehole
records extracted from the regional archive, rather than a single isolated borehole. The
65 stations provide regional spatial coverage across Al Qadisiyah Governorate and were
used to support depth-wise MCC parameter derivation, GIS-based interpolation, and FE
material library development.

2.2. Borehole Database and Available Variables

The database used in this study was derived from a regional archive of approximately
350 previously completed site investigation reports in Al Qadisiyah Governorate, Iraq, and
was subsequently standardised into a unified analytical dataset. An anonymised example
of the original borehole-report format used for data extraction is shown in Figure 2. The ex-
ample illustrates the typical source information available in the archive, including borehole
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depth, soil description, groundwater level, index properties, unit weight, and consolidation-
related parameters where reported. From this archive, boreholes with sufficiently complete
and technically consistent geotechnical records were selected for constitutive parameter
development. Each selected borehole contributed data at six standard depth intervals of 1,
2, 4, 6, 8, and 10 m below ground surface. This fixed depth framework provided a consistent
basis for parameter derivation, comparison among horizons, and constitutive zoning. The
compiled dataset integrates primary mechanical variables with supporting index properties.
The principal parameters used for constitutive characterisation include the initial void ratio
(e0), recompression index (Cr), and preconsolidation pressure (σ′

p), together with consis-
tency limits (liquid limit (LL), plastic limit (PL), and plasticity index (PI)), dry unit weight
(γd), SPT N-values, and effective vertical stress

(
σ′

v0

)
. Supplemental descriptors of soil

composition, including clay fraction, fines content, and organic content, were also retained
to support interpretation of the constitutive parameter space. Collectively, these variables
provide a sufficiently broad basis for regional constitutive characterisation, even though
the dataset does not include a comprehensive programme of advanced constitutive testing.

Figure 1. Schematic map of Al Qadisiyah Governorate showing the spatial distribution of the
65 representative investigation stations used in the analysis. Each station represents a grouped set of
borehole records from the regional geotechnical archive.

As expected for a compiled borehole archive, the dataset contained incomplete records
and scattered blank cells. Missing values were not concentrated in one variable alone
but were distributed across several parameters, particularly void ratio, recompression
index, preconsolidation pressure, strength indicators, and selected classification properties.
The dataset therefore reflects a realistic engineering condition in which the information
content is substantial, but standardisation and gap treatment are required before the records
can be used for constitutive modelling. Rather than discarding incomplete records, the
database was prepared for analysis through a structured treatment strategy described in
Section 3. This allowed the study to preserve regional coverage while maintaining internal
consistency in the final parameter set. The six depth levels adopted in the database also
provide an important advantage for the present study. Because each borehole location
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contributes observations at the same nominal depths, the resulting dataset supports horizon-
wise comparison of compressibility, stress history, and constitutive class. This makes it
possible to develop both representative material classes and depth-specific finite element
material libraries, which are more useful for numerical modelling than a purely aggregated
regional summary.

Figure 2. Anonymised example of the original borehole-report data format used for extraction and
standardisation of the regional geotechnical database.

2.3. Groundwater Conditions

Groundwater conditions in the study area are shallow and relatively uniform at the
regional scale. Based on the available field information, groundwater depth ranges from
approximately 1.0 to 1.4 m below the ground surface across the investigated locations. This
hydrogeological condition is important because it directly affects the estimation of initial
effective vertical stress and, consequently, the calculation of overconsolidation ratio (OCR),
which is a key stress-history variable in Modified Cam-Clay parameterisation [17,20,31].

In this study, groundwater conditions were explicitly incorporated into the estimation
of effective vertical stress using the groundwater level corresponding to each investigated
location. The recorded groundwater depths, which fall within the observed range of
1.0 to 1.4 m below ground surface, were used in the main calculations of σ′

v0
and OCR. This

treatment was necessary because the use of dry overburden stress alone would overestimate
effective stress below the water table and consequently distort the inferred OCR profile,
since effective stress must account for pore water pressure and OCR is defined from the
relationship between preconsolidation stress and the current effective stress state [32,33].
By incorporating location-specific groundwater conditions into the stress calculation, the
resulting constitutive parameters provide a more realistic representation of the in situ stress
history of the shallow clay deposits. The relatively narrow groundwater range observed
across the study area also supports the use of a consistent regional correction framework,
even though the actual calculations were based on the groundwater level assigned to each
location. Although local seasonal and site-specific fluctuations may occur, the observed
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regional pattern is sufficiently uniform to justify this approach for the development of the
constitutive dataset and the FE material library. This provides a defensible balance between
regional generalisation and geotechnical practicality, which is appropriate for the objective
of constructing FE-ready constitutive datasets from routine borehole information.

3. Methodology
3.1. Data Preparation and Quality Control

The methodological framework adopted in this study was designed to convert routine
geotechnical records into a defensible set of constitutive input parameters suitable for finite
element modelling. The workflow began with the compilation and standardisation of data
extracted from approximately 350 previously completed site investigation reports. From
this archive, boreholes were selected on the basis of data usability, reporting consistency,
and the availability of the key geotechnical variables required at the target depth intervals
of 1, 2, 4, 6, 8, and 10 m below the surface. Before parameter derivation, the database was
subjected to a structured quality control procedure. This included harmonisation of vari-
able names and units, checking for duplicate entries, identification of nonphysical values,
and screening for obvious transcription or reporting errors. Such steps are consistent with
current, established practice in geotechnical data management, where completeness, consis-
tency, traceability, and validation of transferred ground investigation data are essential for
reliable downstream interpretation and modelling [34,35]. Particular attention was given
to parameters that directly affect constitutive interpretation, including dry unit weight,
void ratio, recompression index, preconsolidation pressure, and Atterberg limits. Records
containing impossible or internally inconsistent values were flagged and reviewed against
the broader data pattern. When isolated values could be attributed confidently to entry or
reporting errors, corrections were made only where the adjustment was technically evident
and consistent with the surrounding dataset. Otherwise, the values were treated as missing.
This stage also involved restructuring the data into a form suitable for subsequent deriva-
tion, statistical treatment, and constitutive interpretation. The cleaned dataset retained
both directly measured variables and variables intended for later estimation, thereby pre-
serving the full information content of the archive while maintaining traceability between
observed and derived values. This step was essential because the objective of the study
was not merely to summarise geotechnical properties but to generate a modelling-oriented
parameter set that could support transparent and reproducible constitutive assignment.
Recent work on automated and workflow-based parameter determination for constitutive
models similarly emphasises transparency, adaptability, and traceable transformation of
source data into modelling inputs [7]. The overall methodological sequence adopted in this
study is summarised in Figure 3.

Figure 3 presents the overall methodological framework adopted in this study to con-
vert a regional geotechnical data archive into FE-ready constitutive inputs. The workflow
begins with the selection and standardisation of borehole records, followed by data clean-
ing, treatment of missing values, and derivation of the principal constitutive parameters.
The initial effective vertical stress was refined using the groundwater level assigned to
each location within the observed shallow groundwater range, allowing a more realistic
calculation of σ′

v0
and OCR. These groundwater-corrected parameters were subsequently

used for parameter grouping, FE material library development, and GIS-based spatial
interpretation of the key constitutive variables.
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Figure 3. Methodological framework used to convert a regional geotechnical data archive
into groundwater-corrected constitutive parameters, GIS-supported parameter maps, and FE
material libraries.

3.2. Treatment of Missing Data

Incomplete records are a common feature of regional geotechnical archives, partic-
ularly when data are compiled from investigations conducted for different projects, by
different laboratories, and under different reporting standards. In the present dataset, miss-
ing values were distributed across several variables rather than concentrated in a single
field. Discarding all incomplete records would have reduced the regional representative-
ness of the database and weakened the depth-wise comparisons required for representative
material grouping and FE material library development. The proportion of missing values
in the variables used for constitutive parameter derivation was low. For all principal vari-
ables used in the final constitutive dataset, the missing percentage was less than 3%. The
missing entries were scattered among boreholes and depth levels rather than concentrated
in a particular location, depth horizon, or single parameter. Because of this low missing-
data rate, the treatment strategy was conservative. Direct geotechnical relationships were
used first where a physically defined relationship existed, including calculation of PI from
LL and PL, and estimation of Cc from LL where direct compression-index values were
unavailable. The few remaining scattered gaps were then completed using multivariate im-
putation informed by depth, borehole location, index properties, density-related variables,
and consolidation parameters. All completed values were flagged separately from directly
measured values in the working database. A summary of the missing data percentages and
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treatment methods for the principal variables used for constitutive parameter derivation is
provided in Table 1.

Table 1. Missing data percentage and treatment method for variables used in constitutive parameter
derivation.

Variable Symbol Missing Percentage Treatment Method

Liquid limit LL 2% Direct use where available; retained for Cc estimation
where needed

Plastic limit PL 2% Direct use where available; used with LL to calculate
PI

Plasticity index PI 2% Calculated from LL and PL where possible

Dry unit weight γd 3% Completed using multivariate imputation for
scattered missing entries

Initial void ratio e0 2% Direct use where available; completed using
density-related variables

Recompression index Cr 3% Direct use where available; used to derive κ

Compression index Cc 3% Direct use where available; estimated from LL where
missing

Preconsolidation
pressure σ′

p 2% Direct use where available; completed using
multivariate imputation for scattered missing entries

Groundwater depth Zw 2%
Direct use where available; assigned from local
borehole records within the observed groundwater
range where required

A structured missing data treatment strategy was therefore adopted. The treatment
proceeded in two stages. First, values were estimated using direct geotechnical relationships
where a defensible engineering basis existed. Second, the remaining scattered gaps were
addressed through multivariate imputation using the broader structure of the database. The
imputation process considered the relationships among depth, location, index properties,
strength indicators, consolidation parameters, and density-related variables. This approach
was adopted because the proportion of missing values was limited relative to the size
of the full dataset and because the retained variables exhibited meaningful geotechnical
interdependence. Similar motivations underlie recent data management and data-driven
geotechnical studies that emphasise preserving dataset continuity while reducing the
information loss associated with the deletion of incomplete records [28,35]. The purpose of
imputation in this study was not to fabricate artificial precision but to preserve the integrity
of the regional analytical framework while avoiding unnecessary loss of valid records.
All derived and completed values were tracked separately from directly observed data
to maintain transparency and reproducibility in the subsequent constitutive parameter
derivation. This distinction between observed and completed data is consistent with
current expectations for traceable geotechnical data workflows [35].

3.3. Derivation of Constitutive Input Parameters for MCC-Based FE Modelling

The constitutive parameters required for the present analysis were derived from the
cleaned and completed borehole database using standard relationships consistent with
MCC interpretation for fine-grained soils [11,31]. The principal parameters considered
were the virgin compression slope λ, the swelling or recompression slope κ, the initial
void ratio e0, the preconsolidation pressure σ′

p, the initial effective vertical stress σ′
v0

, and
the overconsolidation ratio OCR. These parameters were selected because they define the
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compressibility, stress history, and initial state variables required for constitutive characteri-
sation and subsequent FE implementation. The swelling slope κ was obtained from the
recompression index Cr using Equation (1)

κ =
Cr

ln(10)
(1)

where Cr is the recompression index expressed in base 10 logarithmic form. This conversion
gives the natural logarithm-based parameter required in MCC formulation [31]. The virgin
compression slope λ was derived from the compression index Cc using Equation (2)

λ =
Cc

ln(10)
(2)

when direct values of Cc were not available, the compression index was estimated from the
liquid limit using the widely adopted empirical relation given in Equation (3)

Cc = 0.009(LL − 10) (3)

where LL is the liquid limit expressed as a percentage [17,18]. This relation was used as
a practical estimation tool for incomplete records, with the recognition that the resulting
λ values represent engineering estimates rather than direct laboratory determinations.
The initial void ratio e0 and preconsolidation pressure σ′

p were taken from the processed
database after quality control and completion of isolated missing entries. Preconsolidation
pressure was treated as a key variable because it defines the size of the current yield
surface and therefore governs the stress history representation embedded in the Modified
Cam-Clay model [11,31]. The overconsolidation ratio (OCR) was then calculated using
Equation (4)

OCR =
σ′

p

σ′
v0

(4)

where σ′
v0

is the initial effective vertical stress at the corresponding sampling depth. Because
OCR is highly sensitive to the estimation of σ′

v0
, groundwater correction was incorporated

explicitly, as described in the following subsection. The use of these parameters is consistent
with constitutive soil modelling practice in nonlinear geotechnical FE analysis, where
compressibility and stress history play a controlling role in the predicted soil response [10].

3.4. Groundwater Corrected Effective Stress and OCR

The study area is characterised by a shallow groundwater table, with recorded ground-
water depths ranging from approximately 1.0 to 1.4 m below ground surface across the
investigated locations. Because the selected borehole records extend to 10 m depth, a
substantial portion of the soil profile lies below the groundwater table. Under such con-
ditions, the use of dry overburden stress alone would overestimate the initial effective
vertical stress and, consequently, underestimate the overconsolidation ratio, OCR. Since
OCR is a key state variable controlling constitutive response in clay soils, effective stress
correction was incorporated explicitly in the parameter derivation workflow [36]. In this
study, the effective stress profile was corrected using the groundwater depth assigned to
each investigated location, based on the available field records within the observed regional
range of 1.0 to 1.4 m below ground surface. This treatment was adopted to ensure that the
calculated initial effective vertical stress, σ′

v0
, reflected the local hydrogeological condition
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of each borehole rather than a single representative groundwater depth. For depths above
the groundwater table, the initial effective vertical stress was estimated as

σ′
v0

= γdz (5)

where γd is the dry unit weight and z is the depth below ground surface. For depths below
the groundwater table, the initial effective stress was calculated as the sum of the dry
overburden above the water table and the submerged overburden below it, as given in
Equation (6)

σ′
v0

= γdzw + γ′(z − zw) (6)

where zw is the groundwater depth below ground surface, and γ′ is the submerged unit
weight. This expression applies for z > zw. The submerged unit weight was estimated
from Equation (7)

γ′ = γw
Gs − 1
1 + e0

(7)

where γw is the unit weight of water and Gs is the specific gravity of soil solids. This
procedure is consistent with effective stress-based constitutive interpretation and provides
a more realistic estimate of the in situ stress state for subsequent OCR calculation and
FE material grouping and library development [37]. The groundwater-corrected effective
stress values were then used to calculate OCR for each borehole record at each depth
level. By incorporating location-specific groundwater conditions, the resulting OCR profile
provides a more defensible representation of stress history than would be obtained from a
dry stress approximation. This is especially important in shallow clay deposits, where small
changes in effective stress can materially influence the inferred degree of overconsolidation
and, therefore, the constitutive classification adopted in finite element modelling [36].

3.5. Development of the FE Material Library and GIS-Based Constitutive Parameter Maps

The final step of the methodology was the construction of a finite element material
library and a set of GIS-based parameter outputs from the groundwater-corrected consti-
tutive parameter dataset and the parameter grouping results. The purpose of this stage
was to translate the processed borehole information into forms directly usable in modelling
practice and regional geotechnical interpretation. For each constitutive zone, representative
values were extracted for λ, κ, σ′

c, OCR, e0, and γd. In addition to central values, lower
and upper bound statistics were retained to support sensitivity analysis and parameter
selection in design-oriented simulations.

The representative values for each zone were based primarily on robust descriptive
statistics, with the median adopted as the principal modelling value and percentile-based
bounds used to characterise the likely range of variation. This approach was preferred over
simple arithmetic means because the underlying data exhibited natural scatter and moder-
ate asymmetry typical of regional geotechnical datasets. The use of median, lower bound,
and upper bound values therefore provided a more stable basis for modelling-oriented
parameter selection. Two complementary forms of the FE material library were developed.
The first was an overall zone-based library, in which each constitutive zone was repre-
sented by a single summary parameter set for regional-scale application. The second was a
depth-specific library, in which representative parameter values were reported separately
by zone and by standard depth interval. The overall library is suitable for preliminary FE
modelling and broad regional characterisation, whereas the depth-specific library provides
greater refinement for analyses in which vertical variation must be preserved. In parallel,
the derived constitutive parameters were organised into GIS-based spatial outputs for
each standard depth level. The GIS-based spatial outputs were generated separately for
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each standard depth interval using Ordinary Kriging (OK). This method was selected
because it uses the spatial correlation structure of the data through variogram modelling
and provides both estimated parameter values and an associated interpolation uncertainty.
For each MCC parameter and depth level, the borehole point data were projected into a
common coordinate system and interpolated over a regular analysis grid covering the study
area. Experimental semivariograms were examined and fitted using standard spherical or
exponential models, with the final model selected according to the stability of the fitted
nugget, sill, and range and the cross-validation performance. The kriging search zone was
defined consistently with the fitted variogram range to reduce excessive influence from
distant boreholes and to limit local clustering effects. The interpolation was performed
on a regular regional analysis grid covering the study area. The grid resolution was se-
lected to support regional interpretation and was not treated as a site-scale measurement
resolution. The grid resolution was not intended to imply site-scale precision between
boreholes. Interpolation uncertainty was assessed using the kriging standard error and
leave-one-out cross-validation, in which each borehole value was temporarily removed
and predicted from the surrounding data. The resulting prediction errors were evaluated
using mean absolute error and root mean square error. Areas with larger kriging uncer-
tainty or weaker borehole control were interpreted more cautiously. The resulting maps
should therefore be understood as regional spatial representations of the derived MCC
parameter fields, supporting location-informed parameter selection rather than replacing
project-specific ground investigation. The interpolation performance was evaluated using
leave-one-out cross-validation. In this procedure, each borehole value was temporarily
removed from the dataset, predicted using the remaining borehole values and the fitted
kriging model, and then compared with the observed value at the removed location. The
prediction errors were summarised using mean absolute error and root mean square error.
This procedure was selected instead of permanently withholding a fixed control subset
because the objective was to preserve the full regional borehole coverage for the final MCC
parameter maps while still providing a quantitative check on interpolation performance.
The cross-validation results were used to assess the reliability of the spatial estimates and
to identify parameters or depths where the interpolated maps should be interpreted more
cautiously. These outputs were developed to support spatial visualisation, engineering
interpretation, and location-specific retrieval of parameter values across the study area.
In this form, the regional borehole archive is transformed not only into a constitutive
material library for FE analysis, but also into a practical geotechnical mapping resource
that can assist researchers and designers in identifying representative parameter values at
a given location.

Through this procedure, the workflow established a direct connection between routine
site investigation data, spatial parameter interpretation, and constitutive model implemen-
tation. The final outputs produced in this study are therefore not simply statistical sum-
maries of the borehole archive. Rather, they comprise a modelling-oriented and spatially
referenced dataset derived through data cleaning, missing value treatment, groundwater-
corrected stress evaluation, constitutive parameter derivation, parameter grouping for FE
material assignment, and GIS-supported parameter mapping, with the explicit objective of
supporting finite element analyses and regional geotechnical decision-making in shallow
clayey deposits.

4. Results
4.1. Overview of the Derived Constitutive Parameter Dataset

The processed site investigation database yielded a complete groundwater-corrected
constitutive parameter dataset for all selected depth-specific observations. Following
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data cleaning, treatment of missing values, and parameter derivation, the final analytical
dataset contained values of λ, κ, e0, σ′

p, σ′
v0

, and OCR across six standard depth levels.
This provided a consistent basis for constitutive interpretation, GIS-based spatial mapping,
material grouping, and finite element material assignment. The resulting parameter space
indicates clear variability in compressibility, density state, and stress history across the
shallow clay profile. In particular, the derived values of λ and e0 show that the deposits
cannot be represented adequately by a single regional material description, while the
groundwater-corrected stress calculations confirm that OCR remains greater than unity
over most of the investigated profile. These results demonstrate that the archived site
investigation data, once standardised and processed, can be converted into a defensible
constitutive dataset suitable for regional geotechnical interpretation, spatial parameter
mapping, and modelling-oriented classification. Because the missing percentage of the
principal input variables was less than 3%, the completion procedure mainly preserved
continuity of the regional depth-specific dataset and did not materially alter the central
tendency or engineering interpretation of the derived constitutive parameters.

A compact statistical summary of the final derived dataset is provided in Table 2.
This summary is intended as an overview of the processed parameter space, whereas the
depth-related trends and GIS-based spatial distributions of the key constitutive parameters
are examined in the following subsections. The summary statistics in Table 2 indicate
moderate overall compressibility and clear variability in state and stress history within the
processed dataset. The median values of λ and κ are 0.156 and 0.021, respectively, while
the median e0 is 0.80. The median values of σ′

p and σ′
v0

are 170.0 and 52.8 kPa, respectively,
yielding a median OCR of 3.41. Overall, the dataset confirms that the investigated shallow
clay deposits are predominantly overconsolidated and exhibit sufficient variability in
compressibility and stress history to justify subsequent depth-wise analysis, GIS-based
spatial mapping, parameter grouping, and FE material library development.

Table 2. Summary statistics of the derived constitutive parameter dataset after groundwater correction.

Parameter Symbol Unit Mean Median SD Min P10 P90 Max

Virgin compression slope λ – 0.156 0.156 0.029 0.098 0.121 0.195 0.245
Swelling slope κ – 0.021 0.021 0.005 0.011 0.014 0.027 0.037
Initial void ratio e0 – 0.799 0.800 0.140 0.420 0.600 0.960 1.370
Preconsolidation pressure σ′

p kPa 171.802 170.0 38.547 103.0 127.900 220.000 275.0
Initial effective vertical stress σ′

v0
kPa 52.961 52.777 30.263 12.926 14.513 95.444 105.688

Overconsolidation ratio OCR – 4.556 3.410 2.744 1.420 1.998 9.437 12.744
Dry unit weight γd kN/m3 14.367 14.364 0.741 12.625 13.532 15.199 17.933

4.2. Depth-Wise Variation in Key Constitutive Parameters

The derived constitutive parameters show systematic variation with depth across the
six standard investigation horizons. This depth dependence is particularly evident in λ,
e0, σ′

p, and OCR, indicating that the shallow clay sequence is mechanically heterogeneous
and cannot be represented satisfactorily by a single uniform parameter set. The observed
trends are consistent with progressive changes in compressibility, density state, and stress
history through the profile. The virgin compression slope, λ, generally increases with depth,
indicating that the deeper part of the profile tends to exhibit greater primary compressibility
than the near-surface deposits. By contrast, κ remains relatively low and less variable, which
is consistent with the narrower range typically associated with swelling and recompression
behaviours in clayey soils. This distinction suggests that the most significant vertical
change in constitutive response is linked to virgin compression rather than to unloading
and reloading characteristics.
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The initial void ratio e0 also shows a clear depth-related pattern, with lower values near
the surface and progressively higher values at greater depth. This trend is compatible with
the increase in λ, since deeper soils with larger initial void ratios commonly show higher
compressibility. The preconsolidation pressure, σ′

p, reflects substantial variation between
horizons, but when considered together with the groundwater-corrected effective stress,
the OCR values show a particularly clear trend. OCR decreases progressively with depth,
indicating that the shallowest part of the profile is strongly overconsolidated, whereas
deeper horizons remain overconsolidated but to a lesser degree. This depth-wise behaviour
is mechanically significant because OCR governs the relative position of the current stress
state with respect to the constitutive yield surface and therefore influences stiffness, onset
of yielding, and settlement response in MCC analysis. The combined variation of λ, e0, and
OCR confirms that the investigated deposits should be interpreted as a vertically evolving
constitutive system rather than as a single homogeneous clay layer. The depth-related
trends of the key parameters are summarised in Table 3 and illustrated in Figure 4. Table 3
shows that the constitutive parameters vary systematically with depth. The median value
of λ increases overall from the shallow horizon to the deeper part of the profile, while κ

remains comparatively low and less variable. The median e0 also increases with depth,
indicating a generally looser and more compressible soil state in the deeper horizons. In
contrast, the groundwater-corrected OCR decreases progressively from 9.83 at 1 m to 2.02
at 10 m, confirming that the deposits are overconsolidated throughout the investigated
profile but with a clear reduction in stress history effect at depth. These results support
the interpretation that the shallow clay sequence is vertically nonuniform and should not
be represented by a single constitutive parameter set. From a mechanical perspective,
the reduction in OCR with depth indicates a progressive decrease in the influence of
previous stress history on the current soil response. The shallow horizons, with high
OCR values, are expected to behave predominantly within the recompression range under
moderate loading and exert greater apparent stiffness before reaching the yield surface.
In contrast, the deeper horizons, although still overconsolidated, have lower OCR values
and are therefore closer to the normally consolidated state. These layers are more likely to
approach virgin compression under additional foundation or embankment loading. The
simultaneous increase in λ and e0 with depth further supports this interpretation, because
higher λ indicates greater virgin compressibility and higher e0 indicates a looser initial
soil state. For FE modelling using MCC, this combination is significant because λ controls
plastic volumetric compression, e0 defines the initial state, and OCR controls the relative
position of the current stress state with respect to the yield surface. Therefore, using a
single averaged MCC parameter set would obscure the mechanically important contrast
between stiff, highly overconsolidated shallow clay and more compressible deeper clay.
The depth-specific FE material library is consequently required to represent the vertical
evolution of stiffness, yield mobilisation, and settlement response more realistically.

Table 3. Depth-wise summary statistics of λ, κ, e0, σ′
p, σ′

v0
, and OCR after groundwater correction.

Depth (m) λ κ e0 σ’
p (kPa) σ’

v0
(kPa) OCR

1 0.145
[0.109–0.190]

0.016
[0.013–0.020]

0.647
[0.497–0.818]

141.0
[122.90–168.40]

14.317
[13.728–14.807]

9.834
[7.428–11.260]

2 0.131
[0.104–0.159]

0.015
[0.013–0.016]

0.658
[0.553–0.748]

163.500
[135.30–176.60]

24.559
[23.415–25.670]

6.684
[5.073–7.297]

4 0.169
[0.129–0.202]

0.021
[0.016–0.027]

0.863
[0.670–1.002]

169.500
[126.30–208.60]

43.399
[41.162–44.839]

3.920
[3.001–4.576]
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Table 3. Cont.

Depth (m) λ κ e0 σ’
p (kPa) σ’

v0
(kPa) OCR

6 0.154
[0.122–0.186]

0.023
[0.017–0.030]

0.801
[0.654–0.953]

176.00
[131.60–225.80]

61.051
[54.463–64.986]

2.911
[2.424–3.635]

8 0.172
[0.137–0.199]

0.022
[0.017–0.028]

0.863
[0.770–0.995]

195.0
[152.60–238.0]

78.328
[74.957–80.936]

2.506
[2.142–3.045]

10 0.169
[0.146–0.210]

0.025
[0.018–0.031]

0.861
[0.741–1.055]

190.50
[132.90–232.70]

96.717
[92.327–101.912]

2.024
[1.449–2.554]

Figure 4. Depth-wise variation in the median values of the key constitutive parameters λ, κ, e0, and
OCR across the standard investigation horizons.

4.3. Spatial Distribution of Key Constitutive Parameters

In addition to their vertical variation, the derived constitutive parameters exhibit
clear spatial variability across the study area. Because the analytical dataset is based on
regionally distributed boreholes, GIS-based mapping was used to examine the horizontal
distribution of the key parameters at each standard depth. This step is important because FE
material assignment and location-informed parameter selection depend not only on average
parameter values but also on whether those values show coherent regional organisation.
The GIS-based distributions indicate that the derived parameter fields are not spatially
uniform. The mapped values of λ show that virgin compressibility varies laterally across
the study area, with distinct zones of comparatively higher and lower values identifiable
at several depths. This pattern suggests that the more compressible response of the clay
sequence is spatially structured rather than randomly scattered, which is directly relevant
to settlement prediction and constitutive parameter assignment in numerical modelling.
Similarly, the mapped distribution of σ′

p reveals regional contrasts in yield stress and
consolidation history, indicating that laterally variable stress history must be considered in
addition to depth-dependent change.

The groundwater-corrected OCR maps provide one of the clearest mechanical indica-
tors of regional variation. Because OCR reflects the combined effect of preconsolidation
pressure and present effective stress, its spatial distribution provides a direct indication of
the stress history of the shallow clay sequence. The mapped results show that the degree of
overconsolidation varies laterally as well as vertically, with some sectors remaining more
strongly overconsolidated than others at comparable depths. This finding supports the use
of regionally differentiated representative parameter assignment rather than a single profile
averaged over the entire study area. The spatial distribution of e0 further confirms that
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the density and state of the deposit are laterally variable. Zones of relatively higher void
ratio can be identified at multiple depths, indicating that the soil structure is not spatially
homogeneous across the region. When considered together with the λ maps, these e0 pat-
terns help distinguish areas that are both looser and more compressible from those that are
comparatively denser and less deformable. In this way, the GIS-based outputs strengthen
the interpretation of the regional constitutive framework by linking soil state and stress
history to specific spatial domains. Beyond supporting interpretation of regional variability,
the GIS-based parameter maps also provide a practical engineering output. Because the
spatial distributions were generated separately for each standard depth, they can be used
to identify representative values of λ, σ′

p, OCR, and e0 corresponding to specific locations
within the study area. The mapped outputs therefore function not only as visualisation
tools, but also as a location-based reference framework for preliminary design, regional
assessment, and constitutive parameter selection in subsequent modelling studies. Taken
together, the GIS-based parameter maps demonstrate that the constitutive behaviour of
the investigated soils is controlled by both depth and location. This finding is central to
the interpretation developed in the present study because it shows that the final material
grouping and FE assignment framework must account for horizontal spatial structure as
well as vertical stratification. The leave-one-out cross-validation results indicate that the
Ordinary Kriging interpolation provides acceptable regional predictive performance for
the derived MCC parameter fields. The mean errors are close to zero for all parameters,
indicating limited systematic bias. The normalised RMSE values are generally below about
12%, with the lowest relative error obtained for the groundwater-corrected initial effective
stress. These results support the use of the GIS maps as regional-scale spatial interpretation
tools for research analysis, urban-scale geotechnical assessment, preliminary FE parameter
selection, and sensitivity analysis. However, the maps should still be interpreted cautiously
near the margins of the borehole network and in areas with lower local station density. The
corresponding leave-one-out cross-validation indicators are summarised in Table 4.

Table 4. Leave-one-out cross-validation results for Ordinary Kriging interpolation of derived consti-
tutive parameters.

Parameter Symbol Validation Cases MAE RMSE Mean Error Mean Kriging SE NRMSE (%) Unit

Virgin compression slope λ 384 0.0079 0.0132 0.0004 0.0150 8.45 –
Swelling slope κ 373 0.0012 0.0023 0.0001 0.0030 11.13 –
Initial void ratio e0 356 0.0316 0.0566 0.0002 0.0653 7.06 –
Preconsolidation pressure σ′

p 355 6.44 11.47 0.19 16.53 6.63 kPa
Initial effective vertical stress σ′

v0
351 0.54 0.91 −0.002 1.12 1.80 kPa

Overconsolidation ratio OCR 334 0.198 0.372 0.003 0.444 7.76 –

Note: MAE = mean absolute error; RMSE = root mean square error; mean kriging SE = mean kriging standard error;
NRMSE = normalised root mean square error. MAE and RMSE quantify the difference between observed and
predicted values in the leave-one-out cross-validation, while the mean kriging SE represents the average model-
based interpolation uncertainty. NRMSE expresses RMSE in normalised percentage form to allow comparison
among parameters with different units and scales. NRMSE was calculated as RMSE divided by the observed
range of the corresponding parameter and expressed as a percentage.

The kriging-based maps should be interpreted together with the associated interpo-
lation uncertainty, particularly near the margins of the borehole network and in areas
with lower local data density. Representative depth-specific GIS maps for selected MCC
parameters are presented in this section to illustrate the spatial interpretation procedure
(Figures 5 and 6). The complete depth-specific map series for all derived MCC parameters
is provided in Appendix A to support detailed spatial interpretation and location-informed
parameter selection.
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Figure 5. Representative depth-specific GIS maps of the virgin compression slope λ at depths of 1, 2,
4, 6, 8, and 10 m.
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Figure 6. Representative depth-specific GIS maps of the overconsolidation ratio OCR at depths of 1,
2, 4, 6, 8, and 10 m.
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4.4. FE Material Library for Modelling

Based on the processed MCC parameter dataset, a finite element material library
was developed to provide representative constitutive parameter sets for use in numerical
modelling. Representative summary statistics were extracted for λ, κ, σ′

p, OCR, e0, and
γd and median values were adopted as the principal modelling inputs, as summarised in
Tables 5 and 6. Lower and upper bound values were retained to support sensitivity studies
and uncertainty-aware parameter selection. The resulting material library was organised in
two complementary forms. The first is an overall library, which provides representative
parameter sets suitable for preliminary modelling and regional assessment. The second is a
depth-specific library, in which the representative values are reported separately for each
standard depth horizon to preserve the observed vertical variation in compressibility and
stress history. This dual structure increases the practical value of the dataset by allowing the
user to select either a simplified regional representation or a more refined depth-dependent
parameter assignment according to the requirements of the analysis. From a modelling
perspective, the material library represents the final transformation of the processed site
investigation archive into FE-ready constitutive inputs. Rather than remaining as isolated
geotechnical records or descriptive summaries, the data are converted into a structured
parameter resource that can be applied directly in settlement, excavation, and foundation
analyses. The library also provides a rational basis for bounded parameter selection, which
is especially useful in regional or preliminary stage simulations where uncertainty must be
acknowledged. The representative FE material library is summarised in Table 5, while the
depth-specific FE material library is presented in Table 6. Together, these tables provide a
practical basis for constitutive parameter assignment in finite element modelling of shallow
clayey deposits.

Table 5. Representative FE material library by material class based on the groundwater-corrected
constitutive input dataset.

Material
Class ID Material Class Share

(%) λ κ σ’
p (kPa) OCR e0

γd
(kN/m3)

MC1 Soft compressible clay 13.28 0.160
[0.133–0.180]

0.028
[0.024–0.035]

157.0
[110.0–180.0]

2.813
[1.925–7.307]

0.950
[0.850–1.150] 14.219

MC2 Transitional clay 32.03 0.152
[0.125–0.168]

0.020
[0.015–0.023]

180.0
[145.1–214.0]

2.750
[1.754–3.919]

0.80
[0.683–0.943] 14.513

MC3 Stiff overconsolidated
clay 20.31 0.131

[0.109–0.143]
0.018

[0.014–0.024]
152.0

[113.5–177.9]
6.935

[5.180–9.838]
0.795

[0.650–0.912] 14.219

MC4 Dense highly
overconsolidated clay 11.20 0.147

[0.121–0.186]
0.020

[0.013–0.024]
145.0

[126.0–164.4]
9.719

[6.93–11.384]
0.570

[0.336–0.650] 14.317

MC5 High σ′
p compressible

clay
23.18 0.188

[0.160–0.220]
0.022

[0.016–0.026]
205.0

[179.6–250.0]
2.689

[2.003–4.517]
0.840

[0.720–0.912] 14.513

Table 5 presents the representative FE material library derived from the groundwater-
corrected MCC parameter dataset. Clear contrasts are evident among the grouped material
classes. The soft compressible clay class is characterised by relatively high κ and high e0,
indicating greater deformability and a softer soil state. By contrast, the stiff and dense highly
overconsolidated clay classes exhibit the highest OCR values, confirming their stronger
stress history effects, with the dense highly overconsolidated class also showing the lowest
e0 and therefore the densest material state. The high σ′

p compressible clay class combines
the highest λ and the highest median preconsolidation pressure, indicating a mechanically
important class of compressible soils with elevated yield stress. These differences confirm
that the regional clay sequence cannot be represented adequately by a single constitutive
parameter set and that grouped FE material assignment is warranted. Table 6 provides the
depth-specific FE material library derived from the groundwater-corrected MCC parameter

https://doi.org/10.3390/geotechnics6030064

https://doi.org/10.3390/geotechnics6030064


Geotechnics 2026, 6, 64 20 of 32

dataset. The results show that the representative constitutive parameters vary markedly
with depth. At 1 and 2 m, the profile is dominated by strongly overconsolidated material
classes, with OCR values generally exceeding 6.5. From 4 m downward, more compressible
classes become increasingly important, while OCR decreases progressively and λ generally
increases. The table therefore confirms that both the representative material classes and their
associated parameter values are depth-dependent, supporting the use of horizon-specific
FE material assignment where vertical variation is important to the analysis.

Table 6. Depth-specific FE material library by material class based on the groundwater-corrected
constitutive input dataset.

Depth
(m)

Material
Class Material Class λ κ σ’

p (kPa) OCR e0
γd

(kN/m3)

1 MC1 Soft compressible clay 0.188
[0.177–0.212]

0.032
[0.030–0.037]

131.5
[118.0–146.4]

9.662
[8.094–12.025]

1.152
[1.045–1.305] 13.631

1 MC3 Stiff overconsolidated clay 0.125
[0.102–0.166]

0.021
[0.014–0.025]

132.0
[105.0–154.0]

9.518
[7.174–10.879]

0.780
[0.692–0.982] 14.513

1 MC4 Dense highly
overconsolidated clay

0.156
[0.121–0.188]

0.020
[0.013–0.024]

143.0
[123.8–160.0]

9.988
[8.417–11.442]

0.570
[0.400–0.650] 14.317

2 MC1 Soft compressible clay 0.138
[0.133–0.144]

0.032
[0.028–0.037]

175.0
[163.5–178.5]

7.266
[7.083–7.317]

0.725
[0.711–0.804] 13.778

2 MC3 Stiff overconsolidated clay 0.132
[0.117–0.137]

0.018
[0.013–0.023]

160.0
[123.7–180.0]

6.571
[5.073–7.270]

0.800
[0.650–0.864] 14.219

2 MC4 Dense highly
overconsolidated clay

0.141
[0.121–0.150]

0.019
[0.019–0.020]

177.5
[136.0–188.5]

6.690
[5.244–6.957]

0.475
[0.205–0.585] 14.317

4 MC1 Soft compressible clay 0.176
[0.156–0.180]

0.024
[0.024–0.026]

132.5
[107.4–155.2]

3.135
[2.527–3.682]

0.875
[0.85–0.953] 14.464

4 MC2 Transitional clay 0.154
[0.137–0.164]

0.019
[0.017–0.022]

170.0
[131.5–190.0]

3.890
[3.027–4.226]

0.705
[0.646–0.895] 13.974

4 MC3 Stiff overconsolidated clay 0.107
[0.107–0.107]

0.017
[0.017–0.017]

175.0
[175.0–175.0]

3.697
[3.697–3.697]

0.525
[0.525–0.525] 13.925

4 MC5 High σ′
p compressible clay 0.180

[0.180–0.207]
0.022

[0.017–0.025]
190.0

[173.0–197.0]
4.422

[4.045–4.787]
0.850

[0.700–0.901] 14.121

6 MC1 Soft compressible clay 0.149
[0.121–0.161]

0.028
[0.026–0.030]

156.85
[99.5–180.5]

2.811
[1.895–3.040]

1.025
[0.868–1.200] 13.728

6 MC2 Transitional clay 0.152
[0.125–0.168]

0.018
[0.016–0.023]

185.0
[162.4–203.0]

2.900
[2.540–3.496]

0.750
[0.70–0.873] 14.464

6 MC5 High σ′
p compressible clay 0.188

[0.163–0.209]
0.021

[0.016–0.022]
205.0

[199.0–231.6]
3.458

[3.228–3.935]
0.860

[0.784–0.886] 13.925

8 MC1 Soft compressible clay 0.172
[0.164–0.180]

0.031
[0.026–0.035]

175.0
[170.0–187.0]

2.294
[2.260–2.516]

0.950
[0.920–0.970] 14.464

8 MC2 Transitional clay 0.141
[0.112–0.168]

0.022
[0.014–0.023]

194.0
[160.3–235.0]

2.468
[2.073–2.919]

0.860
[0.762–0.930] 14.709

8 MC5 High σ′
p compressible clay 0.211

[0.169–0.242]
0.025

[0.019–0.027]
207.5

[180.1–236.8]
2.621

[2.270–3.109]
0.861

[0.783–0.920] 14.219

10 MC1 Soft compressible clay 0.158
[0.157–0.160]

0.024
[0.024–0.024]

150.0
[150.0–150.0]

1.593
[1.589–1.596]

0.902
[0.900–0.903] 14.170

10 MC2 Transitional clay 0.156
[0.146–0.167]

0.020
[0.014–0.022]

170.0
[102.0–202.0]

1.775
[1.104–2.123]

0.920
[0.816–0.969] 14.709

10 MC5 High σ′
p compressible clay 0.184

[0.154–0.219]
0.021

[0.014–0.024]
220.0

[183.0–270.0]
2.250

[1.852–2.750]
0.813

[0.750–0.900] 15.003

Note: Values are reported as median [P10 to P90].

4.5. Summary of Principal Findings

The results demonstrate that archived site investigation data can be converted into a
complete groundwater-corrected constitutive parameter dataset through systematic data
cleaning, treatment of missing values, and constitutive parameter derivation. Mechan-
ically, the results indicate a transition from highly overconsolidated and relatively stiff
shallow clay to deeper clay layers with higher void ratio, higher virgin compressibility,
and lower resistance to virgin compression under new loading. The derived parameters
show clear variation with depth, particularly in λ, e0, and OCR, confirming that the shal-
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low clay sequence is mechanically nonuniform. GIS-based mapping further shows that
these parameters are also laterally variable and form spatially coherent regional patterns
rather than isolated random fluctuations. This depth-dependent and spatially structured
behaviour provides a strong basis for representative FE parameter assignment. The pro-
cessed constitutive parameter dataset was successfully translated into practical FE material
libraries, both in representative overall form and in depth-specific form, for direct use in
geotechnical modelling. The final outputs therefore establish a direct link between routine
site investigation data and FE-ready constitutive inputs for settlement, excavation, and
foundation analysis of shallow clayey soils.

5. Discussion
5.1. Interpretation of Compressibility and Stress History

The results indicate that the shallow clay sequence is mechanically heterogeneous in
terms of both compressibility and stress history. This heterogeneity is expressed first
through the depth-wise variation in the derived constitutive parameters and second
through their spatial organisation across the study area, as shown by the GIS-based maps.
Taken together, these patterns demonstrate that the investigated deposits cannot be repre-
sented adequately by a single constitutive description, even within the relatively limited
depth range considered in this study. The increase in λ with depth indicates that the
deeper horizons tend to exhibit greater virgin compressibility than the near-surface soils.
When considered together with the increase in e0, this suggests that the deeper deposits
are generally in a looser and more compressible state, whereas the shallowest layers are
relatively denser or more structured. From a constitutive perspective, this finding is impor-
tant because λ controls the slope of the virgin compression line and therefore influences
predicted volumetric strain under new loading. A depth-dependent increase in λ implies
that the settlement response may become more pronounced in deeper horizons, even where
the soil remains overconsolidated.

Correspondingly, the OCR profile shows a strong reduction in stress-history effects
with depth. The near-surface layers are markedly overconsolidated, while the deeper
horizons remain overconsolidated but to a lesser degree. This pattern is mechanically
reasonable for shallow clayey deposits that may have experienced desiccation, seasonal
moisture variation, surface unloading, or other forms of historical stress changes near
the ground surface. In numerical modelling terms, the implication is that the upper
part of the profile is likely to exhibit greater resistance to plastic compression at low to
moderate loading levels, whereas the deeper soils may transition more readily toward
virgin compression under increasing effective stress. The combined variation of λ, e0, σ′

p,
and OCR therefore defines a constitutive profile in which shallower soils are stiffer in
stress history terms, while deeper soils are more compressible in state and compression
behaviour. The GIS-based parameter distributions further show that these characteristics
are not only depth-dependent but also laterally variable across the study area. This is
a critical result because it confirms that the constitutive response of the deposit cannot
be captured adequately by descriptive soil classification alone or by a single regional
average parameter set. In this sense, the derived parameter patterns support MCC based
finite element material assignment when the input parameters are derived, corrected, and
organised in a consistent manner, provided that the input parameters are derived, corrected,
and organised in a consistent manner.
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5.2. Significance of Groundwater-Corrected OCR

One of the most important methodological outcomes of the present study is the
demonstration that groundwater correction materially affects the constitutive interpretation
of the regional dataset. Because the groundwater table in the study area lies within about
1.0 to 1.4 m of the ground surface, much of the investigated profile is below or close
to the saturated zone. Under such conditions, the use of dry overburden stress alone
would overestimate the initial effective vertical stress, particularly at the deeper horizons,
and would therefore underestimate OCR. The groundwater-corrected stress calculations
produced a more defensible OCR profile by accounting for the reduced effective unit
weight below the groundwater table. This is a significant numerical adjustment. In
MCC, OCR governs the location of the current stress state relative to the yield surface
and therefore directly affects whether the soil responds primarily in recompression or
approaches virgin yielding under loading. A systematic underestimation of OCR would
lead to constitutive assignments that are artificially closer to normal consolidation, which
could bias settlement predictions and distort the evaluation of stiffness degradation and
plastic strain development.

The importance of this correction is especially clear when the results are interpreted
spatially. Because OCR is a function of both preconsolidation pressure, σ′

p, and present
effective stress, its GIS-based distribution reflects not only inherited stress history but
also the physically realistic overburden state of the deposit. The resulting OCR maps,
therefore, provide a much stronger basis for regional constitutive interpretation than would
have been obtained from uncorrected dry stress estimates. Accordingly, groundwater
correction is not simply an improvement in parameter calculation. It is a necessary step for
transforming archived site investigation data into meaningful constitutive inputs for FE
analysis. A further practical advantage is that this correction strategy can be implemented
at a regional scale even when complete piezometric profiles are unavailable, provided that
groundwater depth can be assigned from available field records within a defensible local
range. This makes the workflow especially useful for regional borehole archives, where site
investigation data may be incomplete, but groundwater conditions can still be incorporated
in a physically meaningful way. The corrected OCR field therefore serves not only as a
constitutive state variable but also as a key bridge between routine geotechnical records,
regional interpretation, and FE- ready parameterisation.

5.3. Engineering Value of the GIS-Supported Spatial Analysis

The GIS-based mapping of λ, κ, σ′
p, OCR, and e0 substantially strengthens the engi-

neering interpretation of the derived dataset. Without the spatial maps, the results would
still demonstrate clear vertical variability, but they would provide less evidence that the
constitutive properties are regionally organised. The GIS outputs show that the key param-
eters are distributed in coherent spatial patterns rather than as isolated or random values.
This is important because FE parameter assignment at a regional scale is inherently spatial,
not only vertical. The mapped distributions of λ show that compressibility varies laterally
across the study area and that zones of higher virgin compression tendency can persist
across multiple depths. Similarly, the σ′

p and OCR maps indicate that stress history is not
laterally uniform, even where depth is similar. The e0 maps further show that the state of
the deposit changes regionally, supporting the interpretation that constitutive behaviour
must be understood in terms of both soil state and loading history. Collectively, these
spatial patterns provide a more complete picture of the subsurface than a depth summary
table alone.
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From a geotechnical perspective, the GIS-supported results justify the use of spatially
informed parameter selection rather than simple lateral averaging. If one part of the
study area is characterised by higher λ and e0, while another shows higher OCR and
lower void ratio, then a single regional parameter set would blur mechanically important
contrasts. By contrast, the GIS-based outputs preserve those contrasts and allow them to be
incorporated into modelling decisions in a traceable manner. This is also where the present
study becomes distinct from purely descriptive geotechnical mapping. The maps are not
presented merely to show the geographical distribution of variables. Their function is to
support constitutive interpretation, FE material selection, and location-specific retrieval
of representative parameter values. In this sense, GIS is used here as an analytical bridge
between borehole data and FE modelling, rather than as an end in itself.

5.4. Value of the Parameter Grouping Framework for FE Modelling

The parameter grouping framework developed in this study provides a practical
means of translating regional geotechnical variability into FE-ready material classes. Rather
than assigning a unique material model to each individual record, the workflow organises
the derived MCC parameter space into a manageable set of mechanically interpretable
classes. This provides a more robust basis for FE modelling than classification by soil
description alone, since materials described simply as clay may still differ markedly in
OCR, e0, λ, and σ′

p, and therefore in predicted constitutive response. From a modelling
perspective, this grouping approach supports flexible parameter assignment. For prelim-
inary regional analyses, the overall material library provides a concise representation of
the dominant constitutive behaviour, whereas the depth-specific library preserves vertical
variation where greater refinement is required. Because the classes are defined through
explicit engineering logic rather than opaque clustering, the resulting material groupings
remain transparent, interpretable, and easier to justify in practical modelling applications.

5.5. Practical Applicability of the FE Material Library

The FE material library developed in this study is one of the principal practical
outputs of the work. Its importance lies in the conversion of a heterogeneous archive of site
investigation records into a format that can be used directly in constitutive modelling. The
library provides representative values of λ, κ, σ′

p, OCR, e0, and γd by material grouping and
by depth, thereby creating a direct route from processed geotechnical data to numerical
model input. For practical modelling, the median values provide a stable basis for baseline
simulations, while the P10 and P90 bounds define a rational range for sensitivity analysis.
This is particularly useful in preliminary design and regional screening applications, where
the objective is not to calibrate a single site with maximum precision but to represent the
likely constitutive behaviour of a broader area in a structured and defensible manner. The
material library therefore supports both deterministic modelling and bounded evaluation
of uncertainty.

Another important feature of the library is that it preserves the distinction between
general constitutive behaviour and depth-dependent variation. In some cases, a modeller
may require only one representative parameter set for each material grouping. In other
cases, depth-specific assignment may be necessary to reproduce the vertical evolution
of compressibility and OCR. By providing both formats, the present study increases the
practical adaptability of the output and makes it useful across a wide range of engineering
applications. The library should not be interpreted as a substitute for project-specific testing,
where detailed design decisions depend on highly site-specific constitutive behaviour. The
regional scale of the study should also be considered when applying the proposed material
library. The investigated area covers a large geographical domain, and the GIS-based maps
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represent regional trends in the derived MCC parameters rather than point-specific soil
properties at the scale of an individual structure or foundation footprint. Local variability
may occur within distances smaller than the borehole spacing and therefore cannot be fully
resolved by the regional interpolation. Accordingly, the proposed FE material library is most
appropriate for research-based case-study analysis, regional geotechnical interpretation,
urban planning and preliminary urban design, regional screening, comparison among
candidate locations, sensitivity analysis, and early-stage FE parameter selection. For
structure-specific soil–structure interaction analysis or final design, the regional parameter
values should be used only as initial estimates and should be supplemented by local
boreholes, high-quality laboratory testing, and project-specific calibration. Rather, its
strength lies in providing a scientifically organised starting point for FE analysis in contexts
where routine site investigation data are available but advanced constitutive calibration
is not. When used together with the GIS-based parameter maps, the library also enables
location-informed selection of representative parameter values, thereby strengthening its
practical value for regional assessment and preliminary modelling. In this sense, the study
contributes both a practical regional modelling resource and a transferable methodology
for converting routine geotechnical archives into finite element-ready constitutive inputs.

5.6. Limitations and Future Development

Several limitations should be acknowledged. First, the final constitutive dataset was
developed from a regional archive containing incomplete and heterogeneous site investiga-
tion records, and some parameters therefore required structured estimation or imputation.
Although this treatment was applied systematically and under engineering control, the
resulting dataset should still be interpreted as a regionally derived constitutive resource
rather than as an exact substitute for comprehensive, advanced laboratory characterisation
at every location. This limitation does not reduce the practical value of the workflow,
but it defines the scale at which the results should be used and interpreted. A specific
limitation of using routine borehole data for MCC parameterisation is that such records do
not provide the same level of constitutive control as advanced laboratory testing. High-
quality oedometer and triaxial tests can define compression behaviour, swelling response,
yield stress, stress-path dependency, drainage conditions, and stiffness degradation un-
der controlled boundary conditions. By contrast, routine borehole archives often contain
index properties, basic consolidation indicators, unit weight data, SPT records, and par-
tial oedometer information collected under different project requirements and reporting
standards. The MCC parameters derived in this study should therefore be interpreted as
regional engineering estimates suitable for preliminary FE modelling, spatial comparison,
and bounded sensitivity analysis, rather than as fully calibrated site-specific constitutive
parameters. For detailed design applications, particularly where serviceability or safety is
highly sensitive to settlement prediction, the proposed material library should be supple-
mented by project-specific high-quality consolidation and triaxial testing and calibrated
against observed field or laboratory behaviour.

Second, λ was derived partly from empirical estimation where direct compression-
index data were unavailable. This approach is acceptable for the regional objective of the
present study and is consistent with the use of routine investigation data for constitutive
parameterisation. However, it introduces an additional level of uncertainty, which should
be recognised where highly refined, project-specific modelling is required. Third, although
groundwater correction was incorporated using the groundwater level assigned to each
location, the available data still represent a shallow regional groundwater regime rather
than a fully resolved transient piezometric profile. This is appropriate for the scale and
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purpose of the present study, but local design applications may require more detailed
hydraulic characterisation.

A further consideration concerns the depth-specific FE material library, in which the
number of records varies among material class and depth combinations. At the regional
scale, however, the dataset provides broad coverage of the study area and captures the
principal patterns of compressibility and stress history within the shallow clay sequence.
Some class depth combinations are supported by fewer records than others, but this varia-
tion does not affect the overall value of the regional library for the purposes of preliminary
modelling and regional interpretation. More broadly, the present study focuses on shallow
clayey soils within a specific regional geotechnical setting and should therefore not be
generalised directly to other soil types or geological environments without recalibration
of the parameter derivation framework. Future development should include validation
of the proposed material library through direct FE case studies and comparison against
observed field performance. Additional refinement could be achieved through integration
of higher-quality consolidation and triaxial data and explicit calibration of constitutive
parameters beyond the core MCC compression and stress history variables. The GIS-based
parameter maps developed in this study already provide regionally representative spatial
coverage and support location-informed selection of representative constitutive values.
Future work may strengthen their utility through higher resolution updating, incorporation
of additional site investigation data, and separate development of the parameter grouping
and constitutive zoning framework, where the spatial classification and GIS-based zone
mapping can be examined in greater detail. Such developments would extend the present
framework from regional constitutive characterisation to project-specific calibration and
more integrated digital geotechnical modelling.

5.7. Broader Contribution of the Study

The broader contribution of this study lies in demonstrating a complete and trans-
parent pathway from archived site investigation data to FE-ready constitutive modelling
inputs. The value of the study is not limited to the specific case study area. Similar regional
geotechnical archives exist in many parts of the world, yet they remain underused because
they are incomplete, inconsistent, or not organised for constitutive analysis. The framework
proposed here shows that such archives can be processed in a scientifically structured man-
ner to derive meaningful constitutive input parameters, incorporate groundwater-corrected
stress history, and generate both modelling-oriented material libraries and GIS-based
parameter outputs.

This contribution is relevant to both research and practice. For researchers, the study
provides a framework for linking geotechnical databases, constitutive interpretation, spatial
analysis, and numerical modelling within a unified workflow. For practitioners, it offers a
practical route for converting routine investigation records into representative parameter
sets that can support FE analysis at a regional or preliminary project scale. In both cases,
the key contribution is methodological integration. The present study brings together
data preparation, missing value treatment, constitutive parameter derivation, groundwater
correction, GIS-supported spatial interpretation, and modelling output development within
a single coherent framework. In this way, the study demonstrates that routine regional
geotechnical archives can be transformed into scientifically defensible and practically usable
constitutive resources for spatial interpretation and finite element modelling.
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6. Conclusions
This study developed and demonstrated a transparent methodology for deriving finite

element-ready constitutive input parameters from regional borehole data for shallow clayey
soils. The workflow integrates data cleaning, treatment of missing values, constitutive
parameter derivation, groundwater-corrected effective stress evaluation, GIS-based spatial
interpretation, and practical FE material library development within a single coherent
framework. The results show that routine geotechnical archives can be transformed into
a defensible constitutive dataset even where the available records are incomplete and
heterogeneous. The derived parameters revealed clear vertical variation, particularly in
λ, e0, and OCR, confirming that the shallow clay sequence is mechanically nonuniform
with depth. GIS-based mapping further demonstrated that the key constitutive parameters
also vary laterally and form coherent spatial patterns across the study area. These findings
show that the constitutive behaviour of the investigated soils is controlled by both depth
and location and cannot be represented adequately by a single regional parameter set.

The groundwater-corrected stress evaluation proved to be a critical component of the
workflow because it materially influenced the estimation of σ′

p and OCR and therefore
strengthened the constitutive interpretation of the regional dataset. On this basis, the
processed constitutive parameter space was translated into representative FE material
libraries in both overall and depth-specific form. These outputs provide a practical basis
for constitutive parameter assignment in settlement, excavation, and foundation analyses,
while the GIS-based parameter maps support location-informed selection of representative
values across the study area. The broader contribution of the study lies in demonstrating
that archived regional borehole data can be converted into scientifically structured and
practically useful constitutive resources for geotechnical modelling. Because the outputs are
derived at a regional scale, they are intended for research-based case-study analysis, urban-
scale geotechnical interpretation, preliminary FE parameter selection, and regional planning
support, while local design applications require site-specific investigation and calibration.
The proposed methodology therefore offers a transferable route from conventional site
investigation archives to groundwater-corrected constitutive parameterisation and FE-
ready material assignments for regional geotechnical modelling of shallow clayey soils.
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Appendix A

Figure A1. Complete depth-specific GIS maps of the swelling slope κ at depths of 1, 2, 4, 6, 8, and 10 m.

https://doi.org/10.3390/geotechnics6030064

https://doi.org/10.3390/geotechnics6030064


Geotechnics 2026, 6, 64 28 of 32

Figure A2. Complete depth-specific GIS maps of the initial void ratio e0 at depths of 1, 2, 4, 6, 8, and
10 m.
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Figure A3. Complete depth-specific GIS maps of the preconsolidation pressure σ′
p at depths of 1, 2, 4,

6, 8, and 10 m.
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Figure A4. Complete depth-specific GIS maps of the initial effective vertical stress σ′
v0

at depths of 1,
2, 4, 6, 8, and 10 m.
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