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A B S T R A C T

The aim of the paper is to simulate the response of a deep excavation supported by sheet pile walls and
lime-cement columns. The application of the deep mixing technique using lime-cement products in deep
excavations changes the initial state of the natural soil and creates substantial displacements associated with
the installation effects. In this paper, the influence of lime-cement stabilisation was investigated using the finite
element method for an instrumented braced excavation. The 2D finite element analyses were performed with
advanced constitutive models for both natural clay and stabilised soil, exploiting the laboratory test made on
both field mixed and laboratory mixed stabilised clay samples. The numerical results show that taking account
of installation effects provides realistic predictions of deformation, excess pore water pressure evolution, as
well as the structural forces in the struts.
1. Introduction

Ground improvement with deep mixing methods using lime and/or
cement as binders has been used extensively since the late 1960s. The
advantages of the deep mixing method over other methods, such as
bored or displacement piling methods include lower construction cost,
reduced cumulative energy consumption (Zöhrer and Stelte, 2010),
and the successful execution rate on various soil types for limiting
settlements and vibrations.

In Sweden, field applications started with the use of the dry soil
mixing (DSM) method. DSM is often called as the ‘Nordic Method’
since it was widely established in Nordic countries by the end of the
1980s (Holm, 2003). The method uses dry cementitious binders that
undergo hydration with the water in the natural soil, which is abundant
in sensitive clays with natural water content exceeding the liquid limit.
Field applications are often executed using a combination of quicklime
(unslaked lime) and Portland cement as the main mixing agents. For
the details of the current design methodologies in Sweden, the reader
is referred to Larsson (2003, 2017).

While under embankment loading individual columns are most
often preferred (e.g. Kawasaki, 1981; Kitazume and Maruyama, 2006;
Krenn and Karstunen, 2008; Vogler, 2009), deep mixing with over-
lapping columns is commonly used among other ground improve-
ment methods for braced excavations in soft clays (i.e. Tanaka, 1993;
O’Rourke and O’Donnell, 1997; Ou et al., 2008; Ignat et al., 2016, 2020)
and slopes (i.e. Jamsawang et al., 2015, 2016; Marte et al., 2017). The
overlapping columns reinforce the excavation bottom in order to reduce

∗ Corresponding author.
E-mail address: sinem.bozkurt@chalmers.se (S. Bozkurt).

vertical and lateral displacements, and thus improve the soil against
basal heave failure.

During the mixing process, typically, the strength and the stiff-
ness of soil increase (Holm, 2003). Field performance of the deep
mixed columns in braced excavations is influenced by many factors.
These include properties of the in situ soil, mixing procedure, and
installation effects during and after the mixing. Soil disturbance due
to high air-pressured injection of admixtures using rotating blades,
chemical reactions, and the interactions between the binders and the
soil (e.g., excess pore pressure generation, soil fracturing, thixotropy,
consolidation, cementation, temperature changes etc.) are the main
contributors to the installation effects. Although the primary governing
mechanism affecting the stress–strain response of stabilised soil is
unloading caused by the excavation, the observed deformations prior
to the actual excavation necessitate the consideration of the instal-
lation effects. Lateral wall deformations and heave behind the wall
can be observed in the case where the soil stabilisation is applied
after the sheet pile wall (SPW) construction (O’Rourke and O’Donnell,
1997). These deformations caused by the installation of deep mixed
columns are akin to those of pile driving (Randolph et al., 2015).
Installation-induced deformations have been linked to soil disturbance
and thixotropy (Broms, 1999; O’Rourke and O’Donnell, 1997; Shen
et al., 2003a,b). Although the surrounding soil regains its strength
following the curing period (Shen et al., 2003a,b), the deformations
caused by the loss of soil resistance, generated by the use of high-air
vailable online 2 August 2023
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pressure during the early stages of the mixing process, are essential for
a realistic estimation of stress–strain response of braced excavations.
The complex application procedure of DSM leads to serious challenges
associated with the quantitative evaluation of the installation effects.

Conventionally in deep mixing design, due to the scarcity of high-
quality laboratory and field testing data, linear elastic or liner elastic-
perfectly plastic Mohr–Coulomb soil models are used (e.g. O’Rourke
and O’Donnell, 1997; Baker et al., 2005; Consoli et al., 2014). More-
over, current design guidelines (i.e. Stab, 2002; Bruce et al., 2013;
CEN, 2005; Trafikverket, 2014) rely heavily on unconfined compres-
sive strength (UCS, 𝑞𝑢) measured from uniaxial compression tests
(UCT), and empirical relationships between 𝑞𝑢 and the stiffness. Yet,
n problems such as braced excavations supported by overlapping DSM
olumns, the response is dictated by the stiffness.

This study investigates the stress–strain response of a deep exca-
ation supported by lime-cement columns in the passive side, taking
nto account the installation effects. A fully coupled 2D FE analysis
as performed using advanced nonlinear constitutive soil models for
oth the natural and the stabilised clay. The model parameters are
ased on a series of experimental data. The laboratory testing data
ncluded anisotropically consolidated undrained triaxial compression
nd extension tests (CAUC/E), incrementally loaded oedometer (IL)
ests, and constant rate of strain (CRS) tests that were performed on the
atural clay, as well as both field-mixed and laboratory-mixed samples.

The calibration of the model parameters was carried out using the
oilTest facility in PLAXIS2D FE code (PLAXIS Material Model, 2021).
he calibrated parameters were then used in modelling a case history
f an 11 m-braced excavation supported by lime-cement columns in
othenburg, Sweden. The deformations resulting from the installation
ffects of lime-cement columns were back-calculated based on incli-
ometer measurements and incorporated in the analysis by the use
f prescribed volumetric strains. The 2D FE results were compared to
he high-quality field monitoring data that came from inclinometers,
ore pressure stations, and strain gauges installed on the struts. The
ollowing section gives a background on excavations in soft clays and
odelling considerations.

. Theoretical framework

Long-term deformation calculations of deep excavations stabilised
y lime-cement columns are associated with difficulties in achieving
eliable predictions of deformation, pore pressure distribution and
tructural forces, in particular when dealing with sensitive soft clays.
he mechanical response of the natural clay is described by the adopted
onstitutive model, which in the case of soft natural clays should be
ble to capture the effect of typical features, such as fabric anisotropy,
onding, and strain-rate dependency.

Natural clay exhibits anisotropy due to stress history and the de-
osition process (Graham and Houlsby, 1983; Karstunen and Koskinen,
008; Wheeler et al., 2003). Ignoring the effect of anisotropy and evolu-
ion of anisotropy results in underestimation of deformation of the soft
lay (Karstunen et al., 2005; Yin et al., 2011; Kavvadas and Amorosi,
000). Furthermore, the use of isotropic constitutive models leads to
naccurate prediction of the mobilised undrained shear strength (Pande
nd Sharma, 1983; Leoni et al., 2008).

The failure mechanism of the excavations in soft clays is affected by
nisotropy due to the significant rotation of principal stresses (Clough
t al., 1981; Finno and Nerby, 1989). Below the bottom of the ex-
avation, the reorientation of principle stresses varies between 0◦–

90◦ (Clough et al., 1981). The stress reorientation leads to changes in
the mobilised shear strength, and necessities the use of advanced soil
models that incorporate kinematic hardening (e.g. SCLAY1S (Wheeler
et al., 2003), Creep SCLAY1S (Sivasithamparam et al., 2015; Gras et al.,
2018), MSS (Kavvadas and Amorosi, 2000)).

Another major challenge in predicting long-term deformation of
braced excavations is due to the compressibility of the soft clays,
2

which is dependent on both time and effective stress level (Leroueil
et al., 1985). Several studies have been conducted to include the rate
dependency within the framework of critical state models (Leoni et al.,
2008; Grimstad et al., 2010; Yin et al., 2011; Yin and Graham, 2011;
Olsson, 2013; Sivasithamparam et al., 2013, 2015; Yang et al., 2015).
The Creep-SClay1S model adopted in this study is not only able to
capture the rate dependency, but also anisotropy and destructuration
(changes in fabric and interparticle bonding) as necessary for sensitive
clays.

Stress–strain response of deep excavations improved with DSM is
influenced by the properties of both the natural and stabilised clay.
For instance, there is a wide variety of soft clays only in Sweden, with
vastly different compressibilities and overconsolidation ratios resulting
from dissimilar deposition history, varied sensitivity, mineralogy, water
and fines content, and the presence of organic materials. Moreover,
the rheological properties of the stabilised clays are also affected by
various factors such as characteristics of the binder (type, quality, and
quantity), geotechnical conditions, the properties of the natural clay,
the mixing process (blade rotation number, configuration) and the cur-
ing conditions (temperature, time, stresses) (Holm, 2003). Therefore,
the design of soil improvement for deep excavations requires a com-
prehensive site and laboratory investigation to designate representative
geotechnical parameters of both in situ clay and the soil mixture.

Deep soil mixing changes the initial stress distribution in the soft
clays leading to considerable deformations prior to excavation, as seen
in O’Rourke and O’Donnell (1997) and in this study. Thus, realis-
tic estimation of the deformations require some consideration of the
installation effects.

The predictions of the ground movements resulting from exca-
vations constructed in soft clay necessitate the consideration of the
most unfavourable condition. The critical condition for excavations
in normally consolidated saturated clays is the long-term behaviour,
due to the dissipation of the negative excess pore pressures (Lambe
and Whitman, 1969; Eigenbrod, 1975). The gradual decrease in the
negative pore pressures at the bottom of the excavation pit leads to a
decrease in the effective stresses and, as a consequence, a reduction
in the undrained shear strength. Therefore, the total pore pressures
measured immediately after the excavation at the passive zone would
be lower than the ultimate values (Ghadrdan et al., 2020). To capture
these processes, it was necessary for this study to carry out a fully
coupled hydro-mechanical analysis for the long-term conditions. In fact,
both short-term and long-term conditions can be evaluated based on
coupled analyses that allow for a realistic calculation of time-dependent
transient flow simultaneously with the mechanical response of the in
situ and the stabilised clay during the progression of the excavation.

3. Site location and geotechnical conditions

West Link project is a railway project in Gothenburg consisting of
a construction of an eight-kilometre-long double-track railway, includ-
ing a six-kilometre railway tunnel, underneath the city (Fig. 1). E02
Central Station is a major part of this project, located in the centre
of Gothenburg. The research focuses on the investigation of approxi-
mately a 40-m long temporary excavation. The temporary excavation
was instrumented and monitored for a period of 8 months before the
installation of the final concrete tunnel.

The braced excavation was supported by sheet pile walls (SPWs),
lime-cement columns, and two levels of struts. The SPWs, as the pri-
mary structural support, had the profile AZ-38-700N, while the steel
struts with circular cross-sections were connected to the sheet piles via
waler beams (HEB500-800).

The passive side of the excavation was supported by double over-
lapped columns in a rectangular grid of interlocking pattern with 2.5 m
spacing. The DSM columns with a diameter of 70 cm were installed
with an overlap of 20 cm. In order to accomplish an economic design,
different lime-cement binder ratios were utilised below (80 kg/m3) and
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Fig. 1. E02 West Link project Central Station district. 57◦ 71′ 30’’ N, 11◦ 98′ 22’’ E, Elevation 1.85 m. GoogleEarthh V 9.148.0.0. https://earth.google.com/web/ [Accessed April
19, 2023]. Project location: https://upload.wikimedia/V\"astl\"anken.org.
Fig. 2. Plan view and cross-section of E02 Central station deep excavation of West
Link project.

above (40 kg/m3) the final excavation level. The plan view and the
location of the studied cross-section of the braced support system are
illustrated in Fig. 2.

Field measurement devices, including inclinometers, pore pressure
probes, prisms recording surface displacements, and strain gauges as-
sembled on the struts were installed in specific coordinates to monitor
the performance of the braced excavation as part of the Observational
Method (Peck, 1969). The location of the field monitoring devices is
presented in Fig. 3.

A comprehensive geotechnical site investigation was conducted to
characterise the properties of the soft natural clay and the lime-cement
columns in the Central Station area of Gothenburg by the Swedish
Transport Administration (2018). The soil deposit consists mainly
of soft, high-plastic glacial, and post-glacial clay to a depth of 55–
75 m (Swedish Transport Administration, 2019). The soft clays were
deposited in glaciomarine environment during the late Weichselian
times due to the deglaciation in the Gothenburg area (Stevens and
Bayard, 1994). Later, the depositional environment evolved by isostatic
uplift and climate change (Stevens et al., 1991).

The soil stratigraphy consists of a 2 to 5-m thick layer of fill under-
lain by a deep clay deposit. In the central area of Gothenburg, there
is a significant amount of fill moved during the 19th century which is
the main contributor to the ongoing creep settlements (Tornborg et al.,
2021). The groundwater level is located at a depth of 2–3 m with some
seasonal fluctuations.

Constant rate of strain (CRS) and incrementally loaded (IL) oe-
dometer test data indicated that the layers are typically normally
consolidated to slightly overconsolidated with an overconsolidation
ratio (OCR) in the range of 1.00 to 1.50. Soil deposit was characterised
as normally consolidated after a depth of 30 m. Low OCR measurements
in the deep clay layers could be resulting from sample disturbance.
Fig. 4 shows the index properties. The unit weight varies between 15.5
and 16.5 kN/m3. The deposit has sensitivity (𝑆 ) that varies in the range
3

𝑡

Table 1
Creep SCLAY1S model parameters.
𝑇 𝑦𝑝𝑒 𝑃𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝐷𝑒𝑓𝑖𝑛𝑖𝑡𝑖𝑜𝑛

𝜅∗ Modified swelling index
Stiffness 𝜆∗𝑖 Modified intrinsic compression index

𝜈′ Poisson’sratio

Strength 𝑀𝑐 Critical state stress ratio in compression
𝑀𝑒 Critical state stress ratio in extension

Anisotropy 𝜔 Absolute effectiveness of
rotational hardening

𝜔𝑑 Relative effectiveness of
rotational hardening

Destructuration 𝑎 Absolute rate due to volumetric strain
𝑏 Relative rate due to deviator strain

Viscous 𝜇∗
𝑖 Modified intrinsic creep index

𝜏 Reference time (days)

𝑒0 Initial void ratio
𝜎′
𝑝 Preconsolidation pressure (kPa)

Initialisation 𝐾0 Coefficient of earth pressure at rest
𝛼0 Initial anisotropy
𝜒0 Initial amount of bonding

of 10–30 (classified as medium sensitive according to Rankka et al.
(2004)).

4. Numerical model of the deep excavation in the Central Station

This section presents the finite element model, including the em-
ployed constitutive models, calibration of the parameters, the finite
element mesh, and boundary conditions.

4.1. Constitutive models

Creep-SCLAY1S model for soft clay
The Creep-SCLAY1S (Sivasithamparam et al., 2015; Gras et al.,

2018) is the rate dependent successor of the SCLAY1S model (Wheeler
et al., 2003). Creep-SCLAY1S accounts thus for anisotropy, degradation
of bonding, and rate dependency of soft clay. Creep-SCLAY1S comprises
three hardening laws that control the changes in the Normal Compres-
sion Surface in terms of size, rotation, and progressive loss of bonding
with (irrecoverable) volumetric (𝜀𝑐𝑣) and deviatoric (𝜀𝑐𝑑) creep straining.
A full description of the model can be found in Appendix A.

The model has no pure elastic range. The rate-dependency can
be derived directly from experimental data through the concept of a
visco-plastic multiplier based on Grimstad et al. (2010). Some of the
advantages of using the model are the prediction of dilation on the
‘dry’ side of the critical state line (Sivasithamparam et al., 2013) and
a realistic calculation of 𝐾𝑁𝐶

0 , the coefficient of earth pressure in the
normally consolidated region.

https://earth.google.com/web/@57.71307703,11.98219819,1.37198495a,1000d,30y,0h,0t,0r
https://upload.wikimedia.org/wikipedia/commons/4/4d/Vastlanken_train_tunnel_in_Gothenburg_Sweden_map_based_on_OpenStreetMaps.png
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Fig. 3. Location of the inclinometers in the field.
Fig. 4. Index properties of Gothenburg clay at the Central Station. (a) Natural unit weight, (b) sensitivity, (c) natural water content and liquid limit, (d) the ratio of preconsolidation
stress to vertical effective stress (OCR), (e) undrained shear strength (f) assumed layering.
The model parameters can be estimated using routine laboratory
testing: anisotropically consolidated (undrained and drained) triaxial
compression (CAUC/CADE) and extension (CAUC/CAUE) tests, as well
as incrementally loaded oedometer (IL) tests. The calibration of the soil
parameters has been described in detail in Gras et al. (2017, 2018).
Creep-SCLAY1S model parameters are presented in Table 1 and more
details can be found in Appendix A.

MNhard for lime-cement columns
The MNhard (Matsuoka–Nakai Hardening) material model (Benz

et al., 2008) has a similar formulation to the well-known Hardening
Soil model (HS) (Schanz, 1998; Schanz et al., 1999) in terms of shear
hardening, however, it does not consider any volumetric hardening.
4

Another difference is that the MNhard model adopts the Matsuoka–
Nakai (MN) (Matsuoka and Nakai, 1974, 1982) as the failure criterion
instead of Mohr–Coulomb. Shear hardening during triaxial primary
loading is defined through the following yield function (Eq. (1)).

𝑓𝑠 =
3
4

𝑞𝑎
𝐸′
50

𝑞
𝑞𝑎 − 𝑞

− 3
2

2𝑞
𝐸′
𝑢𝑟

− 𝛾𝑝𝑠 𝑎𝑛𝑑 𝑅𝑓 =
𝑞𝑓
𝑞𝑎

< 1.0 (1)

where 𝐸′
50 and 𝐸′

𝑢𝑟 are the secant and unloading–reloading stiffness
respectively, 𝛾𝑝𝑠 is the material variable describing the accumulated
deviatoric plastic shear strain (𝛾𝑝𝑠 = 3∕2𝜀𝑝1) (Benz et al., 2008). Yield
locus expands with the plastic shear strains due to deviatoric loading
(𝑞 = 𝜎′1 − 𝜎′3, 𝜎

′
1 ≥ 𝜎′2 = 𝜎′3) until the MN failure condition is reached.

The model adopts effective minor stress-dependent stiffness by Eq. (2).
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Table 2
Creep-SCLAY1S model parameters for Gothenburg clay at Central Station.

Layer 𝜆∗𝑖 𝜅∗ 𝜈′ 𝑀𝑐 𝑀𝑒 𝜔 𝜔𝑑 𝑎 𝑏 𝜇∗
𝑖 𝜏 (𝑑𝑎𝑦)

Layer-1 and Clay fill 0.085 0.006 0.20 1.45 0.97 20 0.98 12 0.2 0.006 1
Layer-2 0.080 0.008 0.20 1.18 1.15 35 0.74 12 0.2 0.006 1
Layer-3 0.085 0.007 0.20 1.10 0.99 50 0.64 12 0.4 0.006 1
Layer-4 0.080 0.005 0.20 1.12 0.99 50 0.66 12 0.2 0.006 1
Layer-5 0.085 0.008 0.20 1.10 1.20 50 0.70 12 0.2 0.006 1
.

Table 3
State parameters and additional model parameters for the clay layers at Central Station

Layer 𝑂𝐶𝑅 𝑒0 𝛼0 𝜒0 𝐾0 𝑐𝑘b 𝑘ℎ = 𝑘𝑣(𝑚∕𝑑𝑎𝑦)

Clay fill 1.45 1.91 0.56 6 0.52 0.95 0.56 × 10−4

Layer-1 1.45 2.24 0.56 6 0.52 0.44 1.30 × 10−4

Layer-2 1.25 1.97 0.45 6 0.59 0.24 0.63 × 10−4

Layer-3 1.20 1.90a 0.42 6 0.58 0.27a 0.75 × 10−4a

Layer-4 1.10 1.83 0.43 6 0.55 0.30 0.86 × 10−4

Layer-5 1.00 1.69 0.44 6 0.52 0.29 0.52 × 10−4

aThe average permeability values of the lower and upper clay layers were used. The
results of the CRS tests performed on soft clay samples were given in Appendix C.
bThe permeability change index, 𝑐𝑘 = 𝑒0−𝑒

log(𝑘0∕𝑘)
, where 𝑘0 is the permeability correspond-

ing to 𝑒0 and 𝑘 denotes the hydraulic conductivity at a void ratio, 𝑒 (Tavenas et al.,
1983).

𝐸′
50 = 𝐸′

50
𝑟𝑒𝑓

(

𝜎′3 + 𝑐′ cot 𝜙′

𝜎′𝑟𝑒𝑓 + 𝑐′ cot 𝜙′

)𝑚

(2)

where 𝐸′
50

𝑟𝑒𝑓 is the reference secant modulus corresponding to refer-
ence stress 𝜎′𝑟𝑒𝑓 , 𝜎′3 is the confining stress, and the exponent of 𝑚
defines the shape of the yield loci, reflecting the amount of stress depen-
dency of the stiffness (Vermeer and Brinkgreve, 1998). For granular ma-
terials, the value ranges between 0.5–1.0 (Benz, 2007). Un-/reloading
stress condition is assumed to be purely elastic (nonlinear). Similar
to the secant modulus, the tangent unloading-reloading modulus is
defined by Eq. (3).

𝐸′
𝑢𝑟 = 𝐸′

𝑢𝑟
𝑟𝑒𝑓

(

𝜎′3 + 𝑐′ cot 𝜙′

𝜎′𝑟𝑒𝑓 + 𝑐′ cot 𝜙′

)𝑚

(3)

The MN failure criterion employs the concept of the average of mo-
bilised planes (SPM, ‘spatially mobilised plane’) in three-dimensional
stress space where the maximum ratio of the shear, 𝜏𝑆𝑀𝑃 and normal
stresses, 𝜎′𝑆𝑀𝑃 occurs. Once failure condition is satisfied, 𝜏𝑆𝑀𝑃 / 𝜎′𝑆𝑀𝑃
akes the limiting value (Eq. (4)).

𝑀𝑁 =
𝐼1𝐼2
𝐼3

− 𝑐 𝑤𝑖𝑡ℎ 𝑐 =
9 − sin𝜙′

𝑚
2

−1 + sin𝜙′
𝑚
2

(4)

where 𝐼1, 𝐼2, 𝐼3 are the first, second, and third effective stress invari-
nts, respectively. Shear modulus during unloading-reloading (𝐺𝑢𝑟) can

be defined by the assumption of purely (nonlinear) elastic behaviour
(Eq. (5)).

𝐺𝑢𝑟 =
1

2(1 + 𝜈𝑢𝑟)
𝐸′
𝑢𝑟 (5)

here 𝜈𝑢𝑟 is Poisson’s ratio for unloading-reloading.

.2. Parameters of the numerical model

oft Clay
The model parameters of Creep-SCLAY1S were obtained from lab-

ratory tests (CADC/E and CAUC/E, CRS and IL) performed on undis-
urbed natural clay samples. The parameters were first estimated using
he method described in Gras et al. (2017, 2018) and then calibrated via
imulations. The calibrated model parameters are presented in Tables 2
nd 3.

The comparison of the laboratory test simulations with the original
L test data is presented in Fig. 5 at the depths of 8, 12, 15, 17, 19,
5

0, 22, 25, and 32 m. The simulations were also performed for drained
Fig. 5. Calibration of IL tests using the laboratory test simulations on Gothenburg clay
samples.

Fig. 6. Calibration of CADC/E and CAUC/E tests using the laboratory simulation on
Gothenburg clay samples.

and undrained triaxial tests at different depths along the soil profile.
These results, shown in Fig. 6, demonstrate that Creep-SCLAY1S model
is able to replicate the soft clay response during CAUC/E and CADC/E
tests on Gothenburg clay.

Lime-cement columns
Lime-cement (LC) column installation using the DSM method in-

cludes several processes that cause alternation in soil initial conditions:
(1) soil disturbance by the mixing procedure (the application of com-
pressed air, admixture injection, blade rotation), (2) soil fracturing and
thixotropy resulting from soil disturbance, (3) ongoing chemical reac-
tions within stabilised clay resulting in temperature increase, (4) ion
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exchange between the surrounding soil and the admixtures and (5) con-
solidation (dissipation of excess pore air and water pressures) (Holm,
2003; Shen et al., 2003a,b).

The observed deformations, prior to excavation, due to mixing can
be expansive or contractive. Usually, LC treatment of clay requires
compaction to reduce the ratio of air voids to no more than 5% (Oates,
2008). In Sweden, DSM is done using compressed air, and no separate
compaction is applied, except for the compaction arising from the
mixing tool itself (Larsson, 2003). Therefore, the large amounts of air
injected into the soil tend to cause an expansion within the stabilised
area. Following the mixing, the stabilised clay undergoes consolidation
without any mechanical compaction.

The expansion ratio of the deep-mixed columns can be measured
based on experimental data for wet-mix columns. Shen et al. (2003a)
introduced an empirical equation that considers the volume of injected
slurry, the radius of the columns after hardening, the nominal radius of
the mixing blade, and the volume factor. The expansion ratio of the col-
umn radius to the mixing blade radius was assumed to be proportional
to the ratio of the injected slurry volume to the nominal column volume
calculated by the blade radius. The equation accounts for the volume
loss of slurry due to soil swelling and penetration into surrounding soil
through fractures by using a volume factor ranging from 47%–70%,
which represents the volume change caused by these effects. However,
difficulties in measuring the volume change of highly inhomogeneous
columns, and incorporating stress dependency of the hardened column
volume into Shen et al. (2003a)’s equation along the improved zone ne-
cessitate further investigation. The volume changes resulting from the
chemical processes (e.g., hydration, pozzolanic reactions, flocculation–
coagulation, cementation, and drying) are highly dependent on the
amount of used lime and high/low alkali cement (Taylor et al., 1997;
orenzo and Bergado, 2006).

Contraction-induced deformations have been linked to soil dis-
urbance, thixotropy and consolidation (Broms, 1999; O’Rourke and
’Donnell, 1997; Shen et al., 2003a,b). The loss of soil resistance,
owever, may be regained after a short curing period due to thixotropic
ecovery (Shen et al., 2003a). After the high air pressure application
s stopped, both excess pore air and water pressure generated in the
oil start to dissipate. Thus, consolidation appears to be related to
he contraction behaviour of the excavation pits stabilised with LC
olumns.

In the case of the presence of field measurements, the resulting
trains arising from the installation effects can be evaluated simulta-
eously with the excavation stages (Finno and Nerby, 1989; O’Rourke
nd O’Donnell, 1997).

∙ Laboratory tests on samples from Centralen

o investigate the engineering properties of stabilised clay at Cen-
ralen, CAUE and IL tests were performed on both soil-mixed and
aboratory-mixed samples. Throughout the preparation of laboratory-
ixed samples and in the field applications, different lime-cement

atios ranging between 40–150 kg cement/m3 were utilised (Table 4).
he authors of this paper were not involved in planning the test
rogramme and testing.
CAUE tests
During undrained triaxial tests, excess pore water pressure develop-

ent within the stabilised clay samples is highly dependent on initial
ffective stresses, stress history, mineralogy and external loading condi-
ions. Change in the pore water pressure in axial symmetry conditions
an be simply defined by Skempton pore pressure parameter, B and
arameter A using the change in major and minor stresses Eq. (6).

𝑢 = 𝐵 [𝛥𝜎3 + 𝐴 (𝛥𝜎1 − 𝛥𝜎3)] (6)

Sampling, even for the perfect sampling conditions, generates suc-
tion within the sample owing to the removal of overburden. This
process allows air to enter the pore spaces and reduced saturation in
6

particular for coarse-grained materials such as silt and sand (Sanlon
et al., 2021). In the case of full saturation, especially for normally con-
solidated soft clay with high saturation degree due below the ground-
water level, B-value would be measured close to 1. However, B-value at
99.9% saturation could be as low as 0.51 for stiff (clays-sands) and 0.10
for very stiff soils (very high consolidated pressures) (Black and Lee,
1973). LC column behaviour is considered partially saturated (Broms,
2004). When performing undrained triaxial tests, 100% saturation may
not be possible if the initial degree of saturation or the application of
back pressure is low for partially saturated soils (Black and Lee, 1973).
This phenomenon can be attributed to the existence of undissolved
pore air in the surrounding pore water, which basically results in a
diffusion problem related to the required time to compress the air out
by applying back pressure (Black and Lee, 1973).

The application of back pressure to obtain full saturation is de-
pendent on the degree of initial saturation of the soil sample, and
it is almost impossible for stiff or very stiff soils. Ignat et al. (2019)
performed several undrained and drained triaxial laboratory tests with
the application of different back pressures on soft clay samples mixed
with lime-cement products. These results suggest that full saturation
required a back pressure of 400 kPa. The use of low back pressures
resulted in partially saturated samples with low B-values, especially at
low confining stress levels. Similarly, Åhnberg (2006) suggests using a
back pressure of at least 400 kPa for stabilised clay samples to ensure
entrapped air dissolution in pore water during the consolidation stage.
The stabilised clay with LC may be classified as stiff to very stiff.

In order to simulate the field conditions and stress-dependent strain
behaviour, it is essential to consider the degree of saturation of the
stabilised samples in terms of Skempton B parameter. The laboratory
tests (Table 5) performed on both laboratory-mixed and field-mixed
samples at Centralen were simulated considering partial saturation
(Fig. 7). The CAUE test response could be replicated only through
the inclusion of partial saturation with parameter B equals to 0.6.
Skempton B parameter might result to different values for different
binders, binder ratios and mixing techniques.

Given that the problem under analysis involves an unloading sce-
nario, the shear modulus was calculated using undrained triaxial exten-
sion tests. Stress–strain relationship for the triaxial tests is presented in
Fig. 8. Apparently linear elastic behaviour was found to be dominant
at low strain levels up to 12%. The stabilised clay samples thus exhibit
almost linear elastic behaviour when the stress state is inside the yield
surface, which is not the case for naturally structured or reconstituted
soils (Yapage and Liyanapathirana, 2019). In Fig. 8, the triaxial tests
performed on laboratory mixed samples (NCC 30 and NCC 31) revealed
varying deviatoric stress at failure due to differences in the sample
homogeneity during laboratory mixing and the use of different back
pressure. However, despite the varied homogeneity, similar stiffness
can still be inferred.

Overall, the field and laboratory mixed samples yielded almost
identical stiffness values. The resemblance of the stiffness can also be
seen in Fig. 9. Although the lime-cement ratios differ, based on the
similar stiffnesses in all CAUE tests, the shear stiffness was assumed
to be the same within the whole stabilised zone. The model parameters
used in the simulations of the stabilised clay are summarised in Table 6.

IL tests
Oedometer tests on stabilised samples indicated that the values of

the apparent preconsolidation pressure vary significantly between the
laboratory-mixed and field-mixed samples. The values of preconsoli-
dation pressure are around 1300 kPa for the tests on the field-mixed
samples, and 500 kPa for the laboratory-mixed samples (Fig. 9). The
laboratory mixed samples were not subjected to a consolidation phase,
and thus the initial effective stress state in the field was not repli-
cated. There is, however, a very similar response beyond the apparent
preconsolidation pressure in terms of the oedometric modulus.

Similar results have been reported by Åhnberg et al. (2001) who
performed several IL tests, uniaxial compression tests (UCT) and triaxial

tests on laboratory-mixed samples with the dry mixing method, and
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Table 4
Testing programme for laboratory and field samples with lime and cement.

Sample number Curing time (days) LC content (kg/m3) Sample and test type

NCC31 28 110 CAUE
(Laboratory mixed sample)NCC30 110

NCC14
c

80
IL
(Laboratory mixed sample)

NCC21 ≥150
NCC29 ≥150
NCC36 ≥150

B3 14 m 21 80 CAUE
(Field mixed sample)B3 16 m 42

168-1
c 50 IL

(Field mixed sample)168-2
Pelare 810 80

cThe curing time data for these samples was not available.
Fig. 7. MNhard soil model, the laboratory test simulation of CAUE test on a laboratory mixed sample for different Skempton B parameters: (a) B = 0.6, (b) B = 1.0.
7
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Table 5
Failure stress and strain for laboratory and field mixed samples in the triaxial tests.

Sample number 𝑞𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝑘𝑃𝑎) 𝑝′𝑓𝑎𝑖𝑙𝑢𝑟𝑒(𝑘𝑃𝑎) 𝜀𝑓𝑎𝑖𝑙𝑢𝑟𝑒(%) Back pressure (kPa) Initial condition
𝜎′
𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙∕𝜎

′
ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙

NCC30 −50 51 0.04 135 110/55NCC31 −71 52 0.17 300
B3 14 m −60 64 0.25 400 89/67
B3 16 m −67 61 0.1 400 105/75
Fig. 8. CAUE tests and the laboratory test simulations on laboratory and field mixed
samples.

Table 6
MNhard soil parameters for lime-cement columns using dry soil mixing method.
𝛾𝑛 (kN/m3) 𝐺𝑟𝑒𝑓

50 (kPa) 𝐺𝑟𝑒𝑓
𝑢𝑟 (kPa) 𝑝𝑟𝑒𝑓 (kPa) 𝑚 𝜙′(◦) 𝑐′ (kPa) 𝜈′ 𝜈𝑢𝑟

17 28000 75000 100 0.65 37 20 0.25 0.2

Fig. 9. IL tests on laboratory and field mixed samples.

investigated the initial load application during the hardening of the
mixture. Given the very high values of the apparent preconsolida-
tion pressures, it is highly unlikely that in practical applications any
extra loading will lead to irrecoverable volumetric strains, thus the
MNhard model was considered as a reasonable choice for modelling
the stabilised clay. According to extensive laboratory tests, including
IL and CAUC/E tests, general deformation and strength parameters of
stabilised clay with LC agents are similar to those of partially saturated
overconsolidated clays as stated in Broms (2004).
8

Fig. 10. Hydraulic conductivity of the natural clay and the stabilised clay.

∙ Hydraulic conductivity of the lime-cement columns

The hydraulic conductivity (𝑘) and the coefficient of consolidation
(𝑐𝑣) of the stabilised clay were compared with those of the natural
clay (Fig. 10(a)). The samples taken from the field and mixed in the
laboratory were subjected to IL tests (in Table 4). 𝑘 values were found
approximately equivalent to the values of the natural clay (Fig. 10(a)).
Field-mixed samples taken from vertically and horizontally cut columns
gave results of the same order. Similarly, research conducted by Wang
and Tanttu (2018) on stabilised Otaniemi clay using dry soil mixing,
as well as investigations on stabilised marine clays using wet mixing
by Locat et al. (1996), O’Rourke and O’Donnell (1997), Yamadera et al.
(1998), Horpibulsuk et al. (2003), Chew et al. (2004), all observed
comparable 𝑘 values to the values of the in situ clay. The 𝑘 values
of the stabilised clay roughly rely on the water content of the soil
mix (Åhnberg, 2003). In this study, the average water content of
stabilised clay samples taken from the field was in the range of 64%–
66% which corresponds to the average water content of the natural clay
(Fig. 4c).

Many researchers (e.g. Carlsten, 1996; Åhnberg, 2003; Baker et al.,
2005; Broms, 2004) have reported considerably higher permeability
values than those of unstabilised clay. 𝑘 of stabilised clays with lime-
cement admixtures is a function of void ratio (e), the properties of
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Table 7
Construction stages used in the FE analysis.

Phase number Phase Time interval (days) Date

0 Initial conditions based on inclinometer readings 2019-06-17
1 Excavation of fill layer 1c 2019-06-18
2 Installation of SPW 1c 2019-06-19
3 LC column installation 49 2019-08-07
4 Excavation to −2 level 49 2019-09-25
5 Excavation to −7 level 22 2019-10-17
6 Installation of lower strut 21 2019-11-07
7 Excavation to −11 level 17 2019-11-24
8 Dismantling lower strut 52 2020-01-15
9 Last inclinometer readings 32 2020-02-17

cDenotes assumption.
ore water and microstructure of pores (sizes and distribution) which
re altered during hydration (flocculation, coagulation) and pozzolanic
eactions. During pozzolanic reactions, cementation products fill the
ntra-aggregate pores and 𝑘 value starts to decrease with increasing
ime or cement content (Locat et al., 1996; Quang and Chai, 2015).
owever, mixing technique (dry/wet), lime/cement ratio, initial prop-
rties of in situ clay and the degree of saturation in the field affect the
easured permeability. Consequently, the degree of saturation in the

ield changes with time due to the aforementioned effects.
In this case, IL tests to measure permeability were performed with-

ut back pressure for sample saturation. The measured permeability
as assumed to be saturated, which, in turn, may result in an over-
stimation as a decrease in saturation yields a lower unsaturated per-
eability for stabilised clays due to increasing water sorptivity (Locat

t al., 1996; Nguyen et al., 2020). Although the potential investigation
f partially saturated permeability presents an intriguing avenue for
uture research, the analysis relied on the saturated permeability due
o a lack of available data on the unsaturated permeability of mixed
lay. The degree of saturation in the field undergoes varying changes
ver time as a result of the micro-structural evolution caused by the
locculation of clay particles and long-term pozzolanic reactions. Due
o the heterogeneity of natural clay and the mixing technique, the
tabilised clay is also not homogeneous. In the field, there will be fis-
ures and cracks ranging from micro- to macro-scale within LC columns
hich increase the permeability, thus the permeability measured in the

aboratory from laboratory mixed and intact field mixed samples might
e used as a lower limit (Åhnberg, 2006).

The difference between the results of the laboratory mixed and
ield mixed stabilised clay samples can be attributed to the preparation
echnique of the laboratory mixed samples. On the contrary, the same
ifference was not seen in 𝑐𝑣 profile in Fig. 10(b). The main reason is
he high rigidity of the stabilised clay regardless of the sampling type. 𝑐𝑣
s a function of the stiffness and the permeability, ergo the dominating
arameter would be the stiffness (Larsson and Sällfors, 1996).

.3. Finite element model and the methodology for simulations

The Central station of the West Link project consists of excavations
ith different geometries, excavation depths and construction methods.
his study focuses on cross-section at KM:456+850 (see Fig. 3).

An eleven-metre-deep braced excavation was supported by sheet
ile walls (SPW), two levels of struts, and lime-cement columns con-
tructed utilising the dry mixing method. The finite element analyses
ere performed using PLAXIS 2D (version 22). The construction se-
uence was simulated by various phases as presented in Table 7. In
he study area, the ground surface corresponds to level +2 before the

construction. Struts were installed at levels −0.8 and −6. Before SPW
and LC column installation, the 2-m deep fill was excavated, reaching
±0 level. After the fill excavation, SPWs were installed. Later on, in the
passive side of the excavation, lime-cement columns were constructed
using double overlapping DSM columns (diameter of 70 cm) arranged
in a square grid pattern with 2.5 m spacing. The overlap between the
9

Table 8
MNhard composite soil parameters using dry soil mixing method.
𝛾𝑛 (kN/m3) 𝐺𝑟𝑒𝑓

50 (kPa) 𝐺𝑟𝑒𝑓
𝑢𝑟 (kPa) 𝑝𝑟𝑒𝑓 (kPa) 𝑚 𝜙′(◦) 𝑐′ (kPa) 𝜈′ 𝜈𝑢𝑟

17 20000 50000 100 0.65 37 20 0.25 0.2

columns was 20 cm, resulting in a theoretical area replacement ratio of
66%. The struts at the lower level were dismantled after reaching the
final excavation level, in order to allow the construction of the concrete
tunnel (Fig. 11).

A 2D plane strain analysis was performed to simulate the excava-
tion. However, the 3D nature of the problem due to the proximity of
a much wider section (see Fig. 2) needs to be kept in mind in the
interpretation of the field measurements. The field monitoring data
were most likely affected by the adjacent excavation.

Special mesh-dependency study was performed prior to the actual
analysis, with mesh refinement around the excavation area where
high-stress gradients are expected due to the presence of structural
elements, such as lime-cement columns, anchors and SPW. The FE
mesh adopted is the outcome of a separate convergence study to
ensure mesh-independent results. The high rigidity differences between
the in situ clay and stabilised clay necessitated the use of very fine
mesh-refinement. The study yielded a final mesh that consists of 2480
15-noded elements and 20269 nodes. The input geometry with the used
mesh after the construction of a 1-m thick bottom slab at the end of
excavation is shown in Fig. 12.

Standard fixities were applied as displacement boundary conditions.
Geometric limits of the boundary value problem were defined based
on the guidelines in Lees (2013). Detailed geotechnical site investiga-
tions revealed that the soft clay deposit reaches a depth of 55–75 m.
Therefore, the hydraulic boundary at the bottom was considered as
impermeable. As for the SPW, the wall was also assumed impermeable,
and no seepage was allowed through.

Simulation methodology
During the finite element analysis, a simple area ratio calculation

was adopted for the improved area by using the methodology described
in Broms (2004). The method relies on the use of a weighted average
of stiffness modulus. Using the column stiffness (𝐸′

50= 85 MPa and
𝐸′
𝑢𝑟=180 MPa) and the average value of the stiffness along the soft

clay profile, where (𝐸′
50= 15 MPa and 𝐸′

𝑢𝑟=39 MPa), the moduli of
the homogenised composite material were calculated for a theoretical
area replacement ratio of 66% (Eq. (7)). The composite soil was thus
modelled using the MNhard soil model with the parameters presented
in Table 8.

𝐸′
𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 0.66 × 𝐸′

𝑐𝑜𝑙𝑢𝑚𝑛 + 0.34 × 𝐸′
𝑐𝑙𝑎𝑦𝑎𝑣𝑔 (7)

Initially, the back analysis was performed excluding the installation
effects resulting from LC column construction. The exclusion was sim-
ply achieved by adding the total relative displacement at the beginning
of the excavation stages to the subsequent inclinometer measurements

(Fig. 13).
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Fig. 11. The final excavation level of West Link excavation at KM:456+850 (Bozkurt, Sinem. West Link Project, Gothenburg. 16 Feb. 2021. Author’s personal collection).
Fig. 12. The FE model of deep excavation at Central Station of West Link project at
the end of the excavation.

In Fig. 13a, it is evident that the LC construction results in an
expansion with negative horizontal displacements (away from the exca-
vation) corresponding to an order of 50 mm. This magnitude is so high
that the exclusion of the installation effects is not a viable approach,
as the movements are time-dependent, and this significant amount of
expansion was followed by a contraction within the stabilised clay
(Fig. 13b). Fig. 13b suggests an additional volumetric strain increment
starting from the first excavation stage (excavation to −2 level), with
positive values (towards the excavation) reflecting the contraction
induced by the dissipation of entrapped air.

In the first back analysis, with the exclusion of the installation
effects, the displacements were reset after LC column installation and
compared with the adjusted inclinometer readings in Fig. 14. The
same time-dependent deformation profile during DSM process can be
seen in Fig. 14 more clearly. In the first excavation stage in Fig. 14a,
although there is almost no displacement in the FE analysis, inclinome-
ters recorded contraction response with positive values of horizontal
displacements (towards the excavation). Therefore, two main mecha-
nisms affecting the simulation were integrated into the back analysis:
(1) positive volumetric expansion (+𝜀𝑣) resulting from lime-cement col-
umn installation and, (2) negative volumetric contraction (−𝜀𝑣) induced
by consolidation and entrapped air dissipation. The hardening process
of the stabilised clay with LC columns was not taken into account in the
analysis. The time interval of lime-cement column installation phase,
based on construction sequence in field, was defined as 49 days in
10
the simulation. The stiffness of the stabilised clay was computed from
the laboratory tests performed on field mixed and laboratory mixed
samples, which were either cured in the laboratory for 28 days or taken
from the field 21–42 days after the deep mixing. It is important to note
that our available data only reflects the properties of the samples at the
time they were collected for testing. While the modelling of the curing
process holds promise and may be considered in future work, it was
assumed that the mixed clay properties represent those at the end of
the 28-day curing period. The lateral deformations at the lime-cement
column installation were simulated with the aid of varied prescribed
strains to accurately capture the inclinometer measurements.

The expansion resulting from the installation of columns was simu-
lated by applying a calibrated constant value of +0.65% additional (ex-
pansive) volumetric strain during the installation phase of the columns.
In Figs. 13b and 14a, this contraction behaviour is most pronounced
down to a depth of −8.5. Although the excavation reaches only a depth
of 2-m, the entire wall is moving. Therefore, in order to match the
field measurements, an additional calibrated volumetric contraction
was applied with the depth-specific average values of −0.40% and
−0.15%, respectively. External volumetric strains were applied in the
horizontal direction only for the plane strain analysis, and only for
the first two phases (LC construction and excavation to −2 level). The
simulation of installation effects provided a good replication of the field
monitoring data. Note that the provided values of the volumetric strain
increments should be considered as site-specific values back-calculated
using monitoring data.

The volume change of the stabilised clay can be estimated by the
amount of material used in the deep mixing process with Eq. (8) as
stated in Swedish Transport Administration (2018).

𝛥𝑉𝑐𝑙𝑎𝑦 = 100 × (𝑤𝑏𝑖𝑛𝑑𝑒𝑟 × 𝐴)∕𝛾𝐿𝐶 (8)

where 𝛥𝑉𝑐𝑙𝑎𝑦 represents the volume change of the stabilised clay, 𝑤𝑏𝑖𝑛𝑑𝑒𝑟
is the averaged binder content considering different lime cement ratios
utilised (40–80 kg/m3), 𝐴 is the area replacement ratio of 0.66 and 𝛾𝐿𝐶
is the unit weight of the lime-cement mix (approximately 3200 kg/m3).
Eq. (8) would yield 0.62% expansive strains with the assumption that
only horizontal straining occurs. According to calibrated values based
on inclinometer readings, roughly half of the expansive volumetric
strains approximated the contraction in the stabilised clay. The equa-
tion provided above represents a highly rough estimate and does not
account for the effect of confining stress along the improvement zone
or the existence/dissipation of entrapped air in the pore structure.
The deep mixing changes the micro-structure and bonding, aspects
that most finite element methods are not capable of incorporating,
including mechanical and chemical hydrochemical processes. DSM is
highly dependent on workmanship, the properties of in situ soil, and
the tools utilised (injection pressure, mixing blade radius, admixture
compound, etc.). The volume change can be calculated based on heave
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Fig. 13. Measured horizontal displacement from Inclinometer-5 behind SPW. (a) Inclinometer-5 measurements throughout the construction stages (raw data), (b) Inclinometer-5
readings excluding installation effects. Negative values indicate displacement away from the excavation.
Fig. 14. Horizontal displacement throughout the excavation stages measured from inclinometers and predicted through FE simulation without the installation effects. (a) Excavation
o −2 level. (b) Excavation to −7 level. (c) Excavation to −11 level. (d) Reaching final excavation level and dismantling lower strut. Positive values indicate displacement towards
he excavation.
nd settlement in the passive side of the excavation, starting from the
C column installation for a 28-day curing period. Based on the field
bservations rough estimates can be revised prior to the excavation.

The simulation considers the temporary excavation before the con-
truction of the concrete tunnel. Neither the variability in LC ratio
or the possible gap between the natural clay and the SPWs were
onsidered. The deformations and pore pressure generation caused by
he excavation, the installation of LC columns, struts and anchors, were
imulated using FE analysis and compared with the field measurements.

. Results of finite element analyses and discussion

This section presents a comparison between the FE results and
our different types of field measurements: inclinometer readings, pore
ressure measurements, surface displacements, captured via prisms,
11
and strain gauges assembled on the struts (strut forces). Fig. 3 shows
the locations of the instrumentation and the analysed cross-section.

∙ Inclinometer readings

During the construction period of 8 months, two inclinometers
were placed at specific coordinates to monitor the performance of the
excavation support system. The results demonstrate that the proximity
of the nearby ongoing excavations has a significant effect on the results.
The inclinometer indicated with Inc-4, which is close to the adjacent
excavation area, yielded higher horizontal deformations than Inc-5.
The measurements of Inc-5 are not as sensitive as Inc-4 to adjacent
constructions due to its location. Measured deformations in Inc-5 are
in accordance with the FE predictions.

A comparison between the simulated results by the fully coupled FE
analysis and the monitoring data is presented in Fig. 15 for different
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Fig. 15. Comparison of horizontal displacements measured and predicted by FE fully coupled analysis (a) Lime (L)-cement (C) installation. (b) Excavation to −2 level. (c) Excavation
to −7 level. (d) Bottom strut installation. (e) Excavation to −11 level. (f) Dismantling bottom strut respectively. Positive values indicate displacement towards the excavation,
negative values indicate displacements away from the excavation.
construction stages. Fig. 15a demonstrates that the installation of the
LC column changes the initial stress state, and the disturbance of the
soil creates large horizontal displacements away from the excavation
indicated by negative values. Time-dependent volumetric straining of
LC columns took place within 4 months for this specific excavation
case history. Inclinometer readings support that the displacements due
to the column installation disappeared at the onset of the excavation
stages.

The recorded horizontal displacement values of the far-field incli-
nometer (Inc-5) versus the FE results are plotted in Fig. 16 throughout
the construction period. In Fig. 16, the difference between the recorded
data below the pile tip (at the depth of 24.5 m) versus the FE analysis
stems from the assumptions with regard to the installation of inclinome-
ters. Normally the interpretation of the inclinometer readings relies
on the assumption that horizontal movements at the bottom of the
inclinometer tube would be restricted or of negligible magnitude. Due
to the application of grouting at the lowermost part, no movement can
be detected. This is particularly problematic when a bearing stratum
is absent. In soft clays, the floating inclinometer probe tends to settle
and displace horizontally according to the direction of the movement of
the excavation. In some cases, displacements in two directions account
for the measured tilt. Therefore, horizontal displacements especially for
12

the lowermost part may not be captured.
As described in Section 4.3, no additional volumetric strain appli-
cation was made after the excavation stage down to the −2 level. the
progress in the excavation led to a change in the horizontal displace-
ment profile. The direction of the displacements changed towards the
excavation, with positive values. Considering the general trend, the FE
simulations were able to capture the field response well.

The calculated and measured horizontal displacements are in the
order of 20 mm at the end of the excavation after the dismantling of the
lower strut. The ratio between the maximum lateral wall deformation
and excavation depth (𝛿𝑥∕𝐻𝑒) is of 0.2%. In this study, ignoring instal-
lation effects would yield 𝛿𝑥∕𝐻𝑒 ratio of 0.4%. The expansion owing to
column installation resulted in significant lateral displacements away
from the excavation. 𝛿𝑥∕𝐻𝑒 reduced by about 50% at the end of
final excavation. According to data acquired worldwide, problems had
been recorded when the lateral displacement and excavation ratio was
higher than 0.3% (Long, 2001). PSCG (2000) database presents defor-
mation control criteria for the excavations in soft soils based on the
presence of significant infrastructure in the vicinity and/or buildings
in use within a distance of 1–2 excavation depth (𝐻𝑒), and defines
the allowable displacement as 0.3%𝐻𝑒. The most common procedure
in conventional design is to ignore installation effects. Considering

the excavation was completed without any major problems, neglecting
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Fig. 16. Measured versus calculated horizontal displacement behind SPW. Positive values indicate displacement towards the excavation.
Table 9
Distance of pore pressure measurement stations to West Link E02 deep excavation.

Station No Depth (m) Distance to the SPWs (m)

P1
8

≈0.516
24

P2
8

≈10.518
28

the installation effects might lead to expensive and over-conservative
designs.

∙ Pore pressures

The pore pressure probes were installed at specific locations as
ndicated in Table 9. The results of the FE analyses with respect to the
ield monitoring data are presented in Fig. 17.

The calculated pore water pressures are in good agreement with
he field measurements, except for the deep clay layers (below 18 m).
he analyses were performed both with and without the installation
ffects to study the pore pressure build-up. The application of external
olumetric strains to simulate the expansion and contraction charac-
eristics of LC columns had a marginal effect on the pore pressure
eneration. The application of volumetric strains thus mostly affected
he deformation profile of the braced excavation system.

The results of the FE analysis do not reflect the pore pressure
easurements near the SPWs, especially for the deep layers. High

ertical and confining stresses in deep layers might lead to leakage from
eak joins within SPWs. Although SPWs were considered impermeable

n the simulations, leakage from the joints can occur in the field. Such a
henomenon was noticed during site visits (Fig. 18). The leakage from
he joints shown most likely occurred within the highly heterogeneous
ill layer which probably contains a significant amount of granular
aterial.

∙ Prisms

During the construction period, several surface displacement prisms
13

ere placed approximately 0.5 m, 10 m and 20 m away from the
Table 10
Distance of surface displacement prisms to the SPWs.

Prism no Distance to the SPWs (m)

SP3030 ≈0.5
SP3005 ≈0.5
B3001 ≈10
B3002 ≈10
MP3003 ≈10
MP4002 ≈10
EL3001 ≈20

excavation (Table 10). The horizontal and vertical displacement pro-
files calculated with the FE analysis conform with the monitoring data
(Fig. 19). It is evident that the heave mechanism reduced with the
progress in the excavation (Fig. 19a). The heave behind the SPWs was
prevailing at a distance of 10 m with a maximum value of 75 mm
behind the SPW.

Field monitoring data, especially for the surface readings should be
interpreted cautiously, as displacement gauges are sensitive to physical
activities involving surcharge load due to ongoing constructions and
nearby excavation facilities. Indeed, the discontinuities in the data can
be attributed to the effects of these activities, independent of the actual
excavation.

∙ Strain gauges assembled on struts (strut forces)

Throughout the construction period, axial forces acting on the struts
were recorded via strain gauges. The gauges were assembled on two
sections on the upper struts: at the middle of the span and at a distance
of 3 m from the corners. The section of the installation was at a distance
of 3 m from the corners for the lower struts. The measurements were
made in four different locations: 1, 2, 3 and 4 (Fig. 20).

The nature of the excavation problem involves 3D effects, which are
not possible to be captured with 2D analysis. The excavation activities
in the vicinity of the study area are a direct contributor to the differ-
ences between field measurements and the results of the simulation.
The maximum axial force distribution of the mid-span forces could not
be captured with 2D simulations on account of simplifications made

in strut spacing. In the plane strain analysis, the average values of the
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Fig. 17. Monitoring data versus predicted pore pressures.
Fig. 18. Leakage from the joints of SPW (Bozkurt, Sinem. West Link project,
Gothenburg. 16 Feb. 2021. Author’s personal collection).

strut spacings were utilised. Therefore, according to the FE analysis, the
maximum forces calculated for the upper struts were similar to those of
the field measurements of Strut 1 (see Fig. 21a). Strut 2 was probably
not exposed to a high force distribution unlike Strut 1, owing to the
variation in the spacing. The same consideration is valid for the lower
strut forces. The axial force distribution of Strut 4 was in accordance
with the results of the FE calculation for the lower struts (see Fig. 21b).

It is worth mentioning that the same analyses were also performed
without the application of additional volumetric strain to simulate in-
stallation effects. The results yielded the same values for the axial force
profile acting on the struts. Fluctuations in the recorded axial force
distribution of the monitoring data can be attributed to temperature
effects and time differences during strut installation which were not
accounted for in this study.

6. Conclusions

Fully coupled two-dimensional finite element analyses of a braced
excavation supported by lime-cement columns were performed, and
the results were compared to the field monitoring data. Due to the
14
lack of a straightforward procedure for the quantitative assessment of
the mixing-related installation effects, back analyses were performed
by making use of the inclinometer readings at the early stage of
construction. The prescribed volumetric strain application was utilised
to simulate the deformations caused by the dry soil mixing process.

The numerical analyses were carried out with and without the
inclusion of installation effects in order to demonstrate the extent
to which the process of lime-cement column stabilisation influences
the stress–strain response. The forces in the structural elements and
the pore pressure distribution as well as the overall time-dependent
deformation behaviour over an 8-month period were replicated with
reasonable accuracy by taking account of the installation effects. The
ratio between the maximum lateral displacement and the excavation
height was reduced by about 50% when taking into account the in-
stallation effects, compared to the analysis without the inclusion of
installation effects. The maximum lateral displacement calculated in
each construction stage was of the same order as recorded in the field.
Therefore, incorporating the effect of lime-cement construction into the
traditional design would provide cost-effective and realistic designs.
However, the generalisation of the strain application needs further
investigation. The adopted values of the volumetric strain in this study
should be regarded as case history-specific values.

The laboratory tests on both laboratory-mixed and field-mixed sam-
ples indicated that the rheological properties of the stabilised clay
might be affected by various factors including the engineering prop-
erties of in situ clay and deep mixing procedure. Furthermore, the field
performance of lime-cement stabilisation relies largely on the success of
the construction (homogeneity as well as achieving the design strength
and stiffness in the field). Consequently, conducting a reliability as-
sessment of the support system becomes necessary to evaluate the
influence of the variability of the stabilised soil, specifically in terms of
stiffness, on deformation and structural forces. In this regard, primarily
global sensitivity analyses (Tahershamsi and Dijkstra, 2022) can be
performed to identify the most influential parameters affecting the
support system. Subsequently, stochastic variability of the stabilised
clay can be incorporated in the finite element analyses with the use
of a random sampling technique, such as Monte Carlo simulations.
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Fig. 19. Monitoring data versus predicted vertical (a) and horizontal (b) displacement profile. Positive values of vertical and horizontal displacement indicate heave and displacement
towards excavation, respectively.

Fig. 20. The location of the strain gauges assembled on struts.
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Fig. 21. Comparison of monitored and predicted strut forces for (a) upper and (b) lower struts.
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𝜒

Fig. A.22. Creep SCLAY1S model normal consolidation surface (NCS), current stress
surface (CSS) and intrinsic compression surface (ICS) in triaxial stress space.

Appendix A. Creep-SCLAY1S model

The complete formulation of the Creep-SCLAY1S can be found
in Sivasithamparam et al. (2015), Gras et al. (2018) but it is sum-
marised here. The various surfaces of the Creep-SCLAY1S are visualised
in Fig. A.22 in triaxial stress space. The equation for the Normal
Compression Surface (NCS), which represents the boundary between
large and small creep strains, can be expressed in the simplified form
of triaxial space with Eq. (A.1) and in 3D stress space with Eq. (A.2):

𝑓𝑁𝐶𝑆 = (𝑞 − 𝛼𝑝′)2 − (𝑀(𝜃)2 − 𝛼2)(𝑝′𝑚 − 𝑝′)𝑝′ = 0 (A.1)

𝑓𝑁𝐶𝑆 3𝐷 = 3
2

(

{

𝜎′𝑑 − 𝑝′𝛼𝑑
}𝑇 {

𝜎′𝑑 − 𝑝′𝛼𝑑
}

)
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−

⎛

⎜

⎜
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⎝

𝑀(𝜃)2 − 3
2
{

𝛼𝑑
}𝑇 {

𝛼𝑑
}
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⎠

×

(

𝑝′𝑚 − 𝑝′
)

𝑝′ =0
(A.2)

where 𝑞2 =
√

3∕2
(

{

𝜎′𝑑 − 𝑝′𝛼𝑑
}𝑇 {

𝜎′𝑑 − 𝑝′𝛼𝑑
}

)

is the scalar value of the
modified deviatoric stress tensor, including anisotropy represented by
a deviatoric fabric tensor 𝛼𝑑 . 𝑞 = (𝜎′1 −𝜎′3) in triaxial stress space. Mean
effective stress is 𝑝′ = (𝜎′1 + 𝜎′2 + 𝜎′3)∕3 and the vertical tangent to NCS
designates the size or NSC in the isotropic axis, 𝑝′𝑚. 𝑀(𝜃) represents
the Lode angle-dependent stress ratio at critical state. The subscript
𝑁𝐶𝑆 denotes the Normal Compression Surface (NCS), and 𝛼 represents
the scalar value of the fabric tensor, defined as 𝛼2 =

√

3∕2
(

𝛼𝑑𝑇 ∶ 𝛼𝑑
)

,
which describes the orientation of the model surfaces, as illustrated
in triaxial stress space in Fig. A.22. The deviatoric stress tensor and
deviatoric fabric tensor are expressed by Eqs. (A.3) and (A.4).

𝜎′𝑑 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

𝜎′𝑥 − 𝑝′

𝜎′𝑦 − 𝑝′

𝜎′𝑧 − 𝑝′
√

2𝜏𝑥𝑦
√

2𝜏𝑦𝑧
√

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

(A.3)
17

⎣ 2𝜏𝑧𝑥 ⎦
Table B.11
Rigidity parameters of the structural elements.

Sheet pile walls (AZ-38-700N) Upper strut Lower strut Unit

Material type Elastoplastic Elastic Elastic –
𝐸𝐴1 4.83E6 0.64E6 1.57E6 kN/m
𝐸𝐴2 0.24E6 0.64E6 1.57E6 kN/m
𝐸𝐼 0.20E6 – – kNm2/m
𝑑 0.70 – – m
𝑤 1.808 – – kN/m/m
𝑀𝑝 1046 – – kN/m/m
𝑁𝑝 , 1 5520 – – kN/m
𝑁𝑝 , 2 276 – – kN/m
𝜎𝑦𝑖𝑒𝑙𝑑 240000 – – kN/m2

𝛼𝑑 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

1
3

((
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))

1
3

((

−𝛼𝑥 + 2𝛼𝑦 − 𝛼𝑧
))

1
3

((

−𝛼𝑥 − 𝛼𝑦 + 2𝛼𝑧
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√

2𝛼𝑥𝑦
√
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√
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⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

𝑤𝑖𝑡ℎ 1
3
(

𝛼𝑥 + 𝛼𝑦 + 𝛼𝑧
)

= 1 (A.4)

The rate-dependency is represented by the concept of a constant rate
of visco-plastic multiplier (Eq. (A.5) based on Grimstad et al. (2010).
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𝑤𝑖𝑡ℎ 𝛽 =
(𝜆∗𝑖 − 𝜅∗

𝜇∗
𝑖

)

(A.5)

Deviatoric and volumetric components of creep strains can thus be
calculated as follows:

̇𝜀𝑐𝜈 = �̇�
𝜕𝑝′𝑒𝑞
𝜕𝑝′

𝑎𝑛𝑑 𝜀𝑐𝑞 = �̇�
𝜕𝑝′𝑒𝑞
𝜕𝑞

(A.6)

The size of the intrinsic consolidation surface (ICS) is assumed to be
dependent only on volumetric creep strains, 𝜀𝑐𝑣.

�̇�′𝑚𝑖 = 𝑝′𝑚𝑖 exp
( �̇�𝑐𝑣
𝜆∗𝑖 − 𝜅∗

)

(A.7)

The evolution of the size of 𝑝′𝑚, corresponding to the current degree
of bonding (𝜒), and the degradation of bonding are calculated with
Eq. (A.8)

̇ = −𝑎𝜒
(

∣ �̇�𝑐𝑣 ∣ +𝑏 ∣ �̇�𝑐𝑑 ∣
)

𝑎𝑛𝑑 �̇�𝑚 = 𝑝𝑚𝑖(1 + �̇�) (A.8)

The evolution of anisotropy is described with Eq. (A.9) in 3D stress
space.

�̇� = 𝜔

[(

3𝜎′𝑑
4𝑝′

− 𝛼𝑑

)

⟨�̇�𝑐𝑣⟩ + 𝜔𝑑

(

𝜎′𝑑
3𝑝′

− 𝛼𝑑

)

�̇�𝑐𝑑

]

(A.9)

Appendix B. Structural element parameters

The rigidity parameters of the structural elements used in the analy-
sis are given in Table B.11. 𝐼 is the moment of inertia, 𝑤 is the specific
unit weight, 𝑑 is the (equivalent) thickness, 𝑁𝑝,1 and 𝑁𝑝,2 are the
maximum axial forces in the 1-direction (in-plane) and 2-direction (out
of plane), respectively. 𝑀𝑝 expresses the maximum bending moment
and 𝜎𝑦𝑖𝑒𝑙𝑑 denotes the yield strength of steel. 𝐸𝐴1 and 𝐸𝐴2 define the
normal elastic stiffnesses of the SPWs in the 1-direction and 2-direction,
respectively, where 𝐸 is the elastic modulus of the steel and 𝐴 is the
section area.

Appendix C. CRS tests performed on soft clay samples

Constant rate of strain (CRS) oedometer tests were carried out with
drainage to the upper boundary of the sample, and pore pressures
were measured at the base. The results of the CRS tests performed on
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Fig. C.23. CRS tests on soft clay samples.

the soft clay samples, taken from seven different depths in the site,
were presented in Fig. C.23. In the finite element analysis, 𝑘 values
corresponding to preconsolidation stress were utilised.
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