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ABSTRACT: Sensitive lacustrine clays in Southern Bavaria present significant challenges for foundation design due to their metastable
microstructure and susceptibility to disturbance during installation. Conventional predictive models fail to capture installation-induced
changes and time-dependent behaviour, resulting in large design uncertainties. The SEBRO research project addresses these gaps
through an integrated approach combining advanced subsoil characterisation, low disturbance sampling, and large-scale field tests on
twelve foundation and soil improvement systems. Comprehensive monitoring and laboratory analyses provide data for calibrating
constitutive models that shall incorporate anisotropy, viscosity, and destructuration. Numerical simulations validated against field
benchmarks enable parametric studies and life-cycle assessments, linking technical performance with sustainability. Preliminary results
confirm that installation effects and rate-effects dominate foundation behaviour, underscoring the need for design methods supported
by robust field evidence. SEBRO aims to deliver practical recommendations to improve foundation efficiency and reliability in sensi-

tive lacustrine soils.
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1 INTRODUCTION

In his preface to Theoretical Soil Mechanics, Karl Terzaghi
(1943) states that “The magnitude of the difference between the
performance of real soils under field conditions and the perfor-
mance predicted on the basis of theory can only be ascertained
by field experience”. This more than 80-year-old statement
highlights the essential need for field investigation under real-
world conditions, in which the disturbance of the subsoil due to
foundation construction and its influence on the foundation re-
sponse can be considered. This is particularly true for sensitive
fine-grained soils, which are especially susceptible to disturb-
ances (Bjerrum, 1973; Leroueil & Vaughan 1990, Cudmani &
Rebstock 2024).

Modern geotechnical theoretical approaches face substan-
tial difficulties in reliably modelling the influence of installa-
tion processes on the behaviour of foundations. Although con-
stitutive models for soils and numerical modelling methods
have advanced significantly over the past five decades—with
increasing ability to capture different features of soil behaviour
as nonlinearity, anisotropy, and stress- and strain-depend-
ency—the gap between predicted and actual foundation re-
sponses remains considerable. One core challenge lies in the
fact that installation is a highly complex hydro-mechanical, and
sometimes also thermal and chemical process (Mitchell & Soga
2005). Pile driving, vibration, jacking, drilling, or soil mixing
fundamentally alter the microstructural arrangement of soil par-
ticles and cause changes in stresses, pore pressures, density,
particle fabric and bonds (Randolph 2003; White & Bolton
2004). Installation effects are further amplified in soils affected
by diagenetic processes. Diagenesis—encompassing the for-
mation of soil fabric, cementation, bonding, and time-depend-
ent strengthening or degradation—introduces a microstructural
complexity that current constitutive models can capture only
partially (Mitchell & Soga 2005).

These installation-induced changes dictate the initial con-
ditions of the foundation—soil system, yet they are extremely
difficult to reproduce in simulations. As a result, pre-installa-
tion material parameters and state, classically determined by
field and laboratory tests, are often poor predictors of post-in-
stallation behaviour. Even advanced numerical analyses must
simplify or idealise installation stages, typically as wish-in-
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place, resulting in significant uncertainty in the predicted re-
sponse laksson (2025). A prominent example is the behaviour
of an individual pile: even with state-of-the-art numerical and
constitutive models, its load—displacement behaviour cannot
yet be predicted with sufficient accuracy (Randolph 2003,
Karlsrud 2012; Iaksson 2025).

Particularly, sensitive lacustrine soils in the alpine regions
of Germany, Austria and Switzerland presenting a brittle mate-
rial behaviour caused by a metastable fabric with weak particle
bonds, may abruptly lose their ability to bear loads and soften
once bonds are broken or weakened (Cudmani et al. 2022).
Capturing such behaviour transitions requires microstructurally
informed constitutive models, but these models are not yet suf-
ficiently validated or widely applicable. Consequently, despite
ongoing theoretical progress, foundation design in modern ge-
otechnical engineering will continue to rely on experimental
observations, particularly on large-scale field tests rather than
purely theoretical models.

Inspired by our own experience in several challenging con-
struction projects in lacustrine soils in Germany, our research
project SEBRO (Efficient and Sustainable Foundation Design
in Soft Sensitive Lacustrine Soils) presents a unique, holistic
research framework that directly addresses the described
knowledge gap (Cudmani & Rebstock 2024). Through a collab-
oration of the Technical University of Munich with 19 indus-
trial partners, SEBRO investigates the behaviour of foundations
in sensitive lacustrine soils using advanced subsoil exploration
and sampling techniques, combined with systematic large-scale
field testing of individual and group foundation elements (in-
cluding different deep foundation and soil improvement tech-
niques). It explicitly targets the limitations of current geotech-
nical modelling and practice, seeking to integrate empirical
data, field-scale tests and advanced modelling to bring reliable
evidence-based design approaches one step closer to predictive
engineering.

By linking field testing, subsoil characterisation, model-
ling and design practice, SEBRO acknowledges that, for sensi-
tive lacustrine soils at least, foundation design will continue to
relay partly on empirical data and experience, while steadily
improving its theoretical underpinning.

2 ROSENHEIM LACUSTRINE CLAYS

Around 600,000 years ago, the geological phase known as the
Glinz Glaciation began, affecting the entire Alpine region and
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extending its effects into the Alpine foreland. Several cold pe-
riods (Mindel, Riss, and Wiirm) followed, separated by warmer
interglacial periods. The lacustrine sediments, which are in the
focus of the research, formed after the last cold period; their age
is estimated to be more than 10,000 years.

The area around Rosenheim lies within the catchment area
of the River Inn. During the ice ages, the ancient Inn River was
a massive valley glacier, expanding into an imposing ice sheet
beyond the Alpine edge, flanked by terminal and lateral mo-
raines consisting of huge debris masses. In the middle of the last
ice age, the Inn Glacier covered the Rosenheim area. As the
Glacier retreated from the Inn Valley around 20,000 years ago,
it carved an up to 300 to 350-meter-deep basin in the soft rocks
of the foreland Molasse. After the ice age, the moraine ridges
impounded the glacial meltwater, forming the Rosenheim Lake
with an area of 450 km? (Schumann, 1996; Kroemer, 2011).

Depending on the grain size and the flow velocity, fine-
grained soils consisting of silt, clay and fine sand with different
thicknesses were deposited in the ancient lake. On top of the
lacustrine clay, called “Seeton” in German, a cover layer of al-
luvial sediments consisting of gravel, sand, and silt mixtures
with varying thickness is usually encountered. The microstruc-
ture is the arrangement of particles and particle aggregates re-
sulting from the chemical and mechanical interaction between
soil particles (Mitchell & Soga 2005). The individual minerals
of the lacustrine clay are predominantly in silt-sized particles.
They are plate-shaped (layer silicates) and randomly arranged.
Especially in depths larger than 5 to 15 m from the surface of
the lacustrine clay (lower clay layer), an open, metastable struc-
ture has formed due to clay particles aggregated on the surface
of the silt particles and weak bonding forces of the silt and clay
particles. The physical-chemical processes underlying this
bonding and the ultimate source of structural sensitivity have
not been scientifically understood yet.
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Figure 1. The former extension of Rosenheim Lake, including the es-

timated thickness of lacustrine clay (Schumann, 1969), alongside exist-
ing and upcoming construction projects.

When disturbed, e.g. quasi-static shearing and vibrations, a de-
cay of the microstructure leading to partial or complete lique-
faction of the Seeton takes place. Under the same stress condi-
tions, undisturbed sensitive soils in situ exhibit a higher water
content, yet a lower compressibility and higher shear resistance
than remoulded soil samples. After the collapse of the particle
structure, the shear resistance and stiffness of structurally sen-
sitive soils can decrease to values lower than those of the re-
moulded samples.

In addition to the microstructure, the lacustrine clay pre-
sents a pronounced macrostructure resulting from the different
sedimentation rates of fine and coarse particles and flocculation
(Mitchell & Soga 2005). The role of the resulting typical alter-
nation of very thin layers of sand, clay, or silt particles regard-
ing the mechanical and hydraulic behaviour of lacustrine clays
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is complex and, to our knowledge, not yet fully understood (see
Cudmani et al. 2022).

3 FIGURE 1JOINT RESEARCH SEBRO

3.1 Motivation

SEBRO is motivated by the increasing need to understand and
reliably manage the challenging subsoil conditions in several
districts of Southern Bavaria, consisting of sensitive soft fine-
grained lacustrine clays. With strong economic growth and ris-
ing demand for infrastructure, industrial and residential devel-
opments, conventional foundation design approaches have re-
sulted in major uncertainties, delays, and cost increases. Real-
world cases shown in Figure 1 —such as the Mangfall and
Aicherpark Bridges, the railway underpass 8.2 and vehicular
overpass 8.3 in the by-pass road B15, and different residential
and office buildings as the Volksbank Rosenheim and the build-
ing complex Lokhdfe demonstrated the geotechnical challenges
and the limitations of current design and construction practice
for these particular ground conditions. The results of the project
shall contribute to increase efficiency and sustainability in ma-
jor infrastructure developments currently in planning, such as
the A8 motorway expansion and the trans-european railway
network, both of which are expected to traverse lacustrine sub-
soil formations.

3.2 Main goals, methodology and work program

The research adopts an integrated experimental-numerical ap-
proach to develop and validate advanced models for soil-foun-
dation—structure interaction in sensitive post-glacial lacustrine
soils. The primary objective is to quantify the influence of in-
stallation-induced disturbance, coupled hydro-mechanical pro-
cesses, and intrinsic rate effects on load transfer efficiency and
deformation behaviour of floating foundations and soil-im-
provement systems. To ensure reproducibility and comparabil-
ity, all experimental and numerical investigations are conducted
at a single test site with uniform ground and boundary condi-
tions.

To address the construction-related research questions,
SEBRO implements a comprehensive, large-scale experimental
programme. The core methodology comprises systematically
designed full-scale tests on twelve different foundation and
soil-improvement systems, including loading tests on individ-
ual elements and zone loading tests on element groups.

An extensive monitoring programme captures time-de-
pendent load—settlement behaviour and ground deformations.
Surface settlements are measured using discrete geodetic level-
ling surveys, while hydrostatic gauge levelling systems provide
continuous records of foundation movements. Subsurface de-
formations are monitored using extensometers, sliding de-
formeters, and inclinometers. Combined earth-pressure and
pore-pressure transducers record excess pressure generation
and dissipation at various depths. Selected cast-in-place and
precast foundation elements are instrumented with fibre-optic
sensors and rebar strain gauges to quantify load sharing be-
tween soil and structural components. During installation of vi-
bration- or impact-intensive systems, triaxial accelerometers
record ground motions to assess propagation effects and poten-
tial fabric disturbance.

A comprehensive field investigation programme is con-
ducted to characterise in-situ stiffness, strength, permeability,
structural sensitivity, and viscous behaviour of the lacustrine
soils. Large-strain tests (CPTu, PMT, DMT, VST) are com-
bined with small-strain seismic methods (down-hole and cross-



hole tests) to distinguish between disturbed and minimally de-
structured soil properties. Push-in and self-boring PMTs are
used to investigate the influence of the installation on the pres-
suremeter expansion and infer the strain-dependent stiffness
and the limit pressure, while seismic methods provide small-
strain shear modulus profiles representative of undisturbed con-
ditions.

Field investigations are complemented by high-quality
sampling using thin-walled tubes, followed by detailed labora-
tory testing. The laboratory programme includes classification,
microstructural analyses, oedometer tests with rate changes,
creep and relaxation stages, and monotonic and cyclic un-
drained triaxial tests. Small-strain stiffness is evaluated using
bender elements and P-rat sensors, enabling direct comparison
with field measurements and objective assessment of sampling
disturbance.

The experimental results form the basis for selecting, cali-
brating, and validating constitutive models incorporating creep,
rate dependence, anisotropy, and destructuration. Three-dimen-
sional finite-element models are developed for individual ele-
ments and element groups, including explicit soil-structure in-
terfaces and coupled hydro-mechanical consolidation. Model
validation proceeds in stages, from simulations based on labor-
atory and pre-installation data to analyses incorporating subsur-
face measurements and observed settlements, thereby quantify-
ing predictive uncertainty. The validated models are subse-
quently used for parametric studies of the foundation response
in which the soil properties, geometry, embedment depth, and
loading history are varied.

Technical performance is complemented by a life-cycle as-
sessment evaluating material consumption, installation energy,
and end-of-life scenarios, alongside service-period settlements
and maintenance requirements. The combined experimental,
numerical, and environmental results will be made publicly
available as a benchmark dataset, providing robust design guid-
ance and sustainability insights for floating foundations in sen-
sitive fine-grained soils.

3.3  SEBRO test site

The 6,000 m? test site in Kolbermoor, near Rosenheim (Fig-
ure 1) was initially prepared by constructing a reinforced work-
ing platform 0.6 m thick directly above the lacustrine clay. To
ensure defined drainage conditions, a regular grid of 222 pre-
fabricated vertical drains (PVD) was installed. The test layout
is shown in Figure 2. The test field consists of two main zones:
(1) loading tests on 27 individual foundation elements, and (2)
group zone loading tests of twelve different foundation systems,
and additionally a foundation lifting via compensating grouting
(see Figure 2).
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Figure 2. Layout of the 27 individual element and 12+1 group zone
loading tests

Figure 3Based on seismic measurements, the soft clay layer has
a thickness of 80 m. The target embedment of the foundation
elements below the ground surface is 12.6 m.
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4  SELECTED RESULTS

4.1  Subsoil investigation

The CPTu and the borehole samples results reveal two principal
clay layers: a medium-sensitive to sensitive upper clay layer ex-
tending from approximately 0.6 to 8.6 m depth, and a highly
sensitive lower clay layer between about 10.6 to > 30.0 m depth
(Figure 3). According to the SBT classification (Robertson,
2016), the upper clay predominantly falls within the transitional
contractive (TC) and transitional dilative (TD) zones. In con-
trast, the lower clay is classified as clay-like contractive with
sensitive behaviour (CC and CCS). Two thin fine sand-like in-
terlayers are also identified and confirmed by dissipation tests
between the upper and lower clay units.

According to the grain size distributions, the upper and
lower clay is composed on average by 24% clay, 72% silt, and
4% sand. The liquid limit (w;) and the plastic limit (wp) vary
between 29% to 50% and 15% to 24%, respectively; and the
clays are in the low to medium plasticity range. The natural wa-
ter content (w) ranges from 24% in the upper clay to 45% in the
lower clay. The upper clay layer has predominantly stiff con-
sistency; the low clay layer is soft to very soft.
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Figure 3. Results over depth of a) Cone resistance of CPTu b) Pres-
suremeter limit pressure from three PMT methods c) shear wave veloc-
ity and d) SBT-chart evaluation based on Robertson (2016).

Using the empirical correlation ¢, = (g — 0y9) /Ny With a
cone factor Ny, = 13, an undrained shear resistance c¢,~90 kPa
can be determined for the upper layer. In the lower clay, the
undrained shear resistance increases with increasing depth ac-
cording to ¢, =17.5 + 1.9z (z [m], ¢, [KN/m?]).

Seismic measurements show V, values increasing from ap-
proximately 100 to 200 m/s (G, from 20 and 100 MN/m?) in the
upper clay and an almost depth-independent V, value varying
between 200 to 250 m/s (Go from 100 and 135 MN/m?) in the
lower clay (Figure 3). Using machine-learning algorithms, a
correlation between V; and CPTu data was encountered for the
test field (Miraei et al. 2025).

With the aim of evaluating the effect of disturbance, three
PMT methods were used to evaluate the pressuremeter modulus
and the limit pressure of the upper and lower clays: the self-



boring pressuremeter (SBPM), the Menard PMT-M, and the
Pencel PMT-P, representing both self-boring and push-in in-
stallation techniques. The variation of the limit pressure deter-
mined with the three pressuremeters with depth is presented in
(Figure 4).
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Figure 4. Comparison of pressure-expansion curves for three pres-
suremeter tests showing the influence of installation method.

Exemplarily, Figure 4 shows representative pressuremeter ex-
pansion curves obtained in the upper and lower clay. As shown
in Figure 4(a), in the upper clay layer, all three pressuremeter
techniques yielded limit pressures within a similar range, de-
spite differences in probe geometry, installation method, and
testing procedure. In contrast, Figure 4(b) clearly highlights the
influence of installation effects in the lower clay layer: the
SBPM recorded the highest limit pressures, followed by the
PMT-M, while the PMT-P exhibited anomalous behaviour with
significantly lower limit pressure values (Miraei et al. 2025).

4.2 Sampling techniques and sampling quality

Advanced soil model parameters are derived from laboratory
tests, requiring high-quality samples, to capture the behaviour
of lacustrine clay. Three different sampling methods were used
including Osterberg-type hydraulic fixed piston thin-walled and
triple-tube rotary core drilling (RCD) samplers and core cutter
samples (CCS). The sample quality was assessed by comparing
the in-situ and laboratory-measured Vs. For the Osterberg sam-
pler and CCS, the (Vs 1qp/Vs fie1q) lies between 70% and 90 %,
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representative of very low sample disturbance according to Fer-
reira et al. (2011), whereas RCD delivered much lower values
and classified as fairly disturbed and disturbed samples.

4.3  Loading Test on Individual Elements

Three individual tests were performed for each possible foun-
dation technique. To ensure transferability to zone loading tests,
at least two of these individual elements are the same as those
in the element group. In the third test, the element geometry was
changed, or the installation procedure was modified, as speci-
fied by the contractor, to investigate the influence of these var-
iations on the resistance. The initial overall load-bearing capac-
ity was estimated to be between 0.6 MN and 2.0 MN, with
cross-sectional areas of the individual elements ranging from
0.028 m? to 0.44 m?. The elements were tested at least 1 2
months after installation.

The testing procedure was based on the recommendations
of the DIN EN ISO 22477-1. In the first test phase, load steps,
e.g. AF. =20 kN, 80 kN and 160 kN, were applied depending
on the expected element resistances. The load was increased
when the element head settlement rate was lower than
0.1 mm/20 min. In the second phase, a constant-rate-of-pene-
tration (CRP) test was conducted. It involves several jumps in
the penetration rate, to evaluate the rate dependence of the ele-
ment resistance.

Figure 5. Setup of the individual element testing.

Figure 6 displays the CRP test phase, including three isotaches
and the penetration rate jumps. According to Krieg (2000), a
semi-logarithmic relationship exists between penetration re-
sistance F and penetration velocity v. Assuming one of the iso-
taches as reference, the proportionality constant, the so-called
viscosity index (/,), can be determined from the test results:

()
Foref / N
In (m)

Where F_ .r and F, are element resistances for an arbitrary set-
tlement on the isotaches v,..; and v, respectively. The experi-
mental values of I, ranges between 0.024 to 0.031, with a me-
dian of 0.028.

The bearing capacity (ULS), defined as the resistance at an
element head displacement 0.1-D ranges from 0.2 MN to
1.1 MN for 18 out of 27 elements tested yet. Nevertheless, the
experimental results showed that for head displacement sub-
stantially greater than 0.1-D, the resistance reaches a limit
value.
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