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Sensitivity analysis of numerical models for diaphragm walls with cross-walls in soft
soils

ROBIN BORGH

Department of Architecture and Civil Engineering

Division of Geology and Geotechnics

Chalmers University of Technology

Abstract

This master thesis presents a sensitivity analysis of parameters used in modelling
a deep excavation in soft soil. The main purpose is to understand the impact of
different parameters while modeling for the deep excavation of a new railway station
in the West Link project, Gothenburg, Sweden.

One of the challenges in this project is to predict how the usage of an international
proven construction method will preform in the specific soft soil properties of the
Gothenburg clay, and how to best model it. The thesis presents the experience of
similar projects conducted with similar conditions and how the support structure of
diaphragm wall and cross-walls is used and installed.

In order to create a model representing these particular circumstances, the Lilla
Bommen section of the Gota Tunnel project is modelled as a reference model using
the PLAXIS 2D program with two different material models representing the clay
behavior. The chosen material models are the Hardening soil model using small
strain and the NGI ADP-model.

One of the difficulties in modelling the excavation, supported by the diaphragm wall
and cross-wall, was to simulate the 3D effects of the perpendicular cross-wall in a 2D
model, where the out-of-plane spacing and the interface between the structure and
soil of cross-wall is unable to recreated. However, this was solved by converting the
lateral support of the cross-wall into imaginary steels truss and having the cross-wall
parallel to the diaphragm wall instead.

The comparison between the material models showed that the NGI-ADP-model had
greater displacements than the Hardening Soil small strain model. The sensitivity
analysis of the parameter study also showed some interesting results of what pa-
rameters have the larger impact. The interface strength R;,.- is hard to estimate
due to several reasons but had an affect on the bending moment and lateral de-
formations of the diaphragm wall. The stiffness parameters of the Hardening Soil
model were hard to study separately since they are depended on each other. In the
NGI-ADP-model the ratio of un-/reloading shear stress modulus and active plane
strain shear strength G,/S4 showed to have notable impact on the heave at the
excavation bottom.

Keywords: Soft soil, diaphragm walls, cross-walls, Hardening soil model, small strain

stiffness, NGI-ADP.
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"True knowledge exists in knowing that you know nothing. And in knowing that you
know nothing, that makes you the smartest of all."

Socrates (469-399 BC)
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1

Introduction

1.1 Background

In the upcoming construction of the West Link railway tunnel in Gothenburg, new
challenges have emerged since only a few similar projects of this size have been
constructed in Sweden. Especially with the peculiar geotechnical conditions of the

soft clay in the Gothenburg region.

Figure 1.1: The West Link and the three underground transit stations Centralen,
Haga and Korsviagen (OpenStreetMaps, 2015)



1. Introduction

Large infrastructure projects like this located within a dense urban area could have
a significant impact on nearby buildings and the environment, which results in high
requirements from the Swedish authorities. This require a stable, robust and secure
geotechnical construction to minimize the negative effects for its surroundings, but
also to facilitate the works during the construction phase. One of the many solutions,
which the West Link project will use, are diaphragm walls in combination with
cross-walls for the deep and wide excavation of the transit underground station at
Centralen. This method is widely used in international projects for deep excavations
in limited urban areas (Long, 2001).

However, this construction method have not been commonly used in Sweden, least-
wise not as a permanent part in the construction design. The main reason for
this have been higher technical demands from the Swedish authorities compared to
international equivalents and therefore not economically beneficial.

The higher technical demand for using diaphragm walls in Sweden was more or less
a consequence of applying existing standards for concrete constructions and without
considering the purpose for the specific solution. Recently an investigation of these
regulations were conducted and resulted in changing the regulations for this method
and therefore becoming a economical beneficial solution.

The practical knowledge and field experience for this method, with the specific
Gothenburg soil conditions, is therefore quite limited. For that reason it is vital
for the West Link project to have reliable models to predict the effects of using
excavation methods such as the diaphragm walls in soft clay.

Numerical calculations have been used for a long time, however the material models
predicting the soil behavior are constantly improved and new models are developed.
Due to the complex behavior of soil properties and various soil types, the material
models are focusing on different aspects which makes it applicable and suitable for
different types of output, but also need different parameters as input data.
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1.2 Aim and objectives

The aim of this thesis is to investigate the use of diaphragm walls in combination with
cross-walls for deep excavations in soft clay. This will be conducted by numerical
modelling of a case study, using two different material models, and present the result
in a sensitivity analysis.

The objectives are as follows:

o Explain the use and function of diaphragm walls, and in combination with
cross-walls.

o Investigate the experiences of using diaphragm walls and cross-walls in Sweden,
but also in other projects with similar conditions.

o Explain two numerical material models in commercial usage for a numerical
analysis of deep excavations in soft soil.

o Model a deep excavation using diaphragm walls and cross-walls in a numerical
analysis.

o Compare the differences in using the two different material models.
o Conduct a sensitivity analysis of the parameters used in the two models.

o Validate the theoretical results with real results from similar conditions.
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1.3 Methodology

Initially a literature study will be conducted to explain the key aspects related to
the method of using diaphragm walls and cross-walls. It will answer some of the
objectives regarding the diaphragm walls, cross-walls, previous experiences and the
relevant geotechnical and numerical theory.

Secondly a case study will be study from one of the previous experiences in Swe-
den, in this case the Goéta Tunnel. A model will be created by gathering as much
information as possible from old drawings, field tests etc. with a type section that
approximately will represent the the Gota tunnel.

Finally a sensitivity analysis will be conducted as the result for the discussion and
conclusion, see the illustrated implementation in Figure 1.2.

Literature review Modelling Sensitivity analysis
Diaphragm &
cross-walls Model
Case study comparison
Previous » » P » Discussion
i & Conclusion
experiences
PLAXIS Parameter
study
Material models

Figure 1.2: Methodology in this Thesis.

1.4 Limits

o This thesis is intended for readers with elementary geotechnical knowledge at
university studies, for more information and theory see reference literature and
articles.

o Model used are commercial available only.
e Only 2D-modelling in the numerical analysis.

« Validation by back-calculations of real measurements was initially outlined but
had to be dismissed due to lack of time and relevant data.

e Limited evaluation and calibration of parameter values. Given values from
nearby field test were compared with simulated lab tests of the assumed pa-
rameters for the model.
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Literature review

This section will briefly explain some necessary technical terms, construction meth-
ods, experiences and relevant geotechnical theory used in this thesis. However, it is
only a limited review since focus will be within the modelling. For further details
see the referred literature and articles.

2.1 Deep excavations and support structures

The depth of a deep excavation can vary according to different definitions. This
thesis will use the same definition stated in the book "Deep Excavations: a practice
manual" by Puller (2003) who refers to a CIRIA Report on trenching practice. The
report make a approximate division between shallow and deep excavation at a depth
of 6 m.

Several types of earth retaining wall systems can be used to support deep excavations
based on different criteria such as size of excavation, ground conditions, groundwater
level, limits in displacements, cost, etc (Ergun, 2008). The most commonly used
support structures for excavations are listed below, most of them are often combined
with some of the other methods.

o Braced walls, soldier pile and lagging walls.
o Sheet-piling or sheet pile walls.

o Jet grout and deep mixed walls.

« Pile walls (contiguous and secant).

o Diaphragm walls and cross-walls.

o Cofferdams and caissons (watertight retaining systems).
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2.2 Diaphragm walls

This thesis will focus on the use of diaphragm walls as an earth pressure retaining
system. The concept is quite simple; a reinforced concrete wall is founded in a
narrow trench upheld by a support slurry, see Figure 2.1. The method is well used
internationally and often for deep excavations used for basements and infrastruc-
ture projects within urban areas (Alén et al., 2006). The advantage of diaphragm
walls is that it achieves a stiff and sealed structure and minimizes the effect of its
surroundings in terms of noise, deformation, lowering of groundwater and activities
interruptions. The last two factors, are very important within a urban area con-
sidering a social-economical perspective. However, the usage of this technique in
Sweden have been quite limited due to high requirements from the Swedish author-
ities which only allowed the method to be used as temporal construction method.
This regulation made it difficult for the diaphragm wall method to be beneficial.
Since 2007 it was approved as permanent part of the structure after an extensive
research investigation conducted by the Swedish Transport Administration and the
Development Fund of the Swedish Construction Industry, short in Swedish SBUF
(Alén et al., 2006).

2.2.1 Construction method

Figure 2.1 and following explanations describe the installation of a diaphragm wall
according to Keller (2017) and Lager and Persson (2005). The procedure are more or
less the same for all type of projects and ground conditions. During the construction
of diaphragm walls each element are divided into panels with a thickness around 0,5-
1,5 m and length up to 10 m. The depth of a panel can range between a few meters
and in some extreme cases down to 120 meters (Alén et al., 2006).

a ks

Figure 2.1: Installation steps of diaphragm walls (Keller, 2017).



2. Literature review

Step 1. Guide walls

Initially guide walls are constructed by reinforced concrete to stabilize the upper
part of the diaphragm wall. They reflect the geometry of the diaphragm walls and
ensure their verticality. The guide walls also enables required level of support slurry
needed for stabilizing the open trench.

Step 2. Preparation of supporting slurry

Diaphragm walls are stabilized by using the hydrostatic pressure developed by a
support slurry, usually based on bentonites or specific polymers.

Step 3. Excavation of panels

Depending on the soil properties different special excavators are used such as rope
grabs or trench cutters with special shovels adapted for the specific soil. The ex-
cavation need to be executed carefully since the trench walls act as the concrete
formwork.

Step 4. Installation of reinforcement cages

The reinforcement are positioned by cranes in the trench and can consist of several
reinforcements cages. However, it is important to ensure necessary spacing for the
concrete to flow trough the reinforcement.

Step 5. Concreting of panels

As soon as the reinforcements are in place the concrete process starts. While filling
the trench with concrete, it replaces the support slurry due to higher density. The
displaced support slurry get pumped into special storage for reuse in the next panel
excavation. To ensure water tightness between adjacent panels, special designed
seals are used for the joints between the panels.
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2.2.2 Cross-walls

Cross-walls are an additional support to the diaphragm walls and constructed in
the same way but perpendicular to the diaphragm walls. They are generally lo-
cated under the excavation bottom. According to Hsieh et al. (2008) cross-walls are
often used in urban areas to reduce diaphragm wall displacements and associated
ground movements. It also provide additional lateral support to prevent inward
displacements of diaphragm walls during the excavation.

One major advantage of using cross-walls in deep excavations is the possibility of
being constructed at same time as the diaphragm walls and with the same construc-
tion method. By using cross-walls instead of struts near the excavation bottom more
work space becomes available. See Figure 2.2 from (Wu et al., 2014) for a schematic
overview.

@) Cross wall¢— ] Diaphragm wall (b) (c)

E 3 § k—— Diaphragm wall
~— Cross wall

S,

Cross wall

Figure 2.2: Example of cross-walls in 3D-, plan- and profile-view. Adapted from
(Wu et al., 2014).
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2.2.3 Cut-and-cover method

The cut-and-cover method is a simple construction method commonly used for exca-
vation of tunnels. Initially a support structure, such as diaphragm walls, is installed
and during the excavation process additional lateral support of struts and cross-
walls is added as well (Li et al., 2014). There are two basic procedures in using the
cut-and-cover method, 1) a conventional Bottom-up construction or 2) a Top-down
construction. Figure 2.3 illustrate the outline of them both.

A. Conventional B. Top-Down
Bottom-Up Construction
Construction

Decking

Roof Opening
Roof Slab

Strut

Strut

Figure 2.3: Illustration of conventional Bottom-up and Top-down construction
(RailSystem, 2015).

The major difference between them is that in the bottom up construction, the final
tunnel structure is independent from the support structure while the Top-down
construction integrate the support structure with the final tunnel structure.
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2.3 Previous experiences of diaphragm and cross-
walls

This section will present experiences of using diaphragm walls and cross-walls in
three different projects with similar conditions. All of them are included in the
extensive "Database for retaining wall and ground movements due to deep excava-
tions" by Long (2001) and two of them provides considerable inputs to the SBUF
report mentioned earlier (Alén et al., 2006). In addition, works from Professor Kjell
Karlsrud at the Norwegian Geotechnical Institute, NGI, are a central source for the
presented experiences.

For more information of the following projects go to the referred reports and articles,
since this section will briefly explain the conditions and state the evaluated advan-
tages and disadvantages of diaphragm walls, cross-walls and analytic modelling of
these.

2.3.1 The Studenterlunden tunnel, Oslo, Norway

The first project is a deep excavation for a subway and railway tunnel in Studen-
terlunden Park in central Oslo, see excavation overview in Figure 2.4 from Karlsrud

(1983).
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Figure 2.4: Excavation overview at Studenterlunden (Karlsrud, 1983).

This project was one of the first using the combination of diaphragm walls with
cross-walls in soft soil during the early 1970s (Karlsrud and Andresen, 2008). The
excavation was 240 m long and the ground conditions for the construction site
consisted of fill and weathered clay crust with underlying soft normally consolidated
clay. Figure 2.5 shows the installation of the reinforcement cage in the diaphragm
wall and a small part of the excavation where diaphragm walls are supported by
struts.
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Figure 2.5: Construction of Studenterlunden in Oslo, Norway (Rude, 1972)
(Rude, 1975).

The excavation depth reached down to 15 m and had a width of 11 m, see Figure 2.6
from Karlsrud (1983) which also illustrate the construction sequence of Studenter-
lunden. The longitudinal diaphragm wall were first established and extended down
to 21 m below the surface, then the cross-walls were installed at the same depth
with a spacing of 4.5 m. The excavation was done using a top-down construction
method.

STEPS: (1) ®@ ©) @
o Slurry walls constructed Top deck 0TB-tunnel excavated NTB-tunnel excavated
-7 Y ™ v CG St F L —-—rr— 7 E,
= - Temp L : . i
’i'. L strut ] h[ i
o 4 " M |
~ i : L |
e '- | .
£ | ‘—-i' ' k 1
£ [
o
o 20
a
30L.

10 20m

Figure 2.6: Construction sequence of Studenterlunden using the top-down
method (Karlsrud, 1983).
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In order to analyze the effects of the cross-walls, a similar project executed a few
years earlier at Kongensgt, was closely monitored and modelled with FEM-analysis.
Figure 2.7 display the comparison between the the measured displacements and
the results from two FEM-analyses assuming different preconditions. For further
reading see (Karlsrud, 1983).
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Figure 2.7: Horizontal displacements and settlements at Kongensgt (Karlsrud,

1983).

Experiences from Studentlunden tunnel project

12

o Except for higher stiffness and strength of a diaphragm wall compared to other

flexible earth retaining systems, the designing methods were in principal the
same. However, one must be careful adopting common empirical experiences
based on the performance observed from other methods, such as sheet pile
walls, and use analytical or numerical methods instead. This can be done
by using finite element method to include the interaction between soil-wall
and support system, making use of the stress-strain characteristics of different
media (Karlsrud, 1983).

The use of cross-walls made it difficult to create a 2D FEM-model and account
for its impact (Karlsrud, 1983).

The cross walls used in Studentenlunden had the dual benefit of improving
bottom heave stability and also served as pre-installed bottom struts which had
a substantial impact on minimizing lateral displacements during the excavation
(Karlsrud and Andresen, 2008).

Due to relatively high construction costs, diaphragm walls are presumably only
economically feasible as a permanent part of the structure (Karlsrud, 1983).
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2.3.2 The Gota tunnel project, Lilla Bommen

Between the years 2001-2006 a large tunnel was constructed in central Gothenburg
between Jarntorget and Lilla Bommen to improve the traffic situation in the city
centre (Kullingsjo, 2007). The main part of the tunnel goes trough bedrock but
at each end it cuts trough deep soft soil deposits and a deep excavations were
needed. In the eastern end, at Lilla Bommen, it included a 230 meter long and
8 to 16 meter deep cut-and-cover excavation, see Figure 2.8. It was supported by
temporary diaphragm walls, cross-walls under the excavation bottom and struts at

ground surface level, a cut-and-cover with bottom up approach (Karlsrud et al.,
2006).
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Figure 2.8: Plan view of Lilla Bommen tunnel (Karlsrud et al., 2006).

The design concept was a further development of the previous mentioned tunnel-
project in Oslo. The very soft clay in combination with large depths to the bedrock
made it challenging to prevent bottom heave. The calculation of the design was
based on both conventional limit equilibrium analysis and FEM-analysis. Figure
2.9 illustrate a typical cross section in Lilla Bommen to the left and to the right a
modelled cross-section used in a FE-program PLAXIS. Figure 2.10 shows the tunnel
during the construction, using the cut and cover "bottom up' method (Karlsrud
et al., 2006).

13
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Figure 2.9: Lilla Bommen; design cross-section and PLAXIS model cross-section
(Karlsrud et al., 2006).

Figure 2.10: Construction of Lilla Bommen tunnel, using the cut-and-cover
"bottom up" method (Trafikverket, 2016).

Experiences from the Go6ta tunnel project

e The combination of diaphragm walls and cross walls in the Lilla Bommen tun-
nel improved bottom heave stability in the soft clay and reduced displacements
to acceptable limits for nearby buildings (Karlsrud et al., 2006).

« Comparison between the predicted and observed soil behaviour were substan-
tially on the safe side. This implicated that a shorter panel depth of the cross
walls could have been used or opening up larger parts of the pit, enabling more
work space for the construction of the tunnel (Karlsrud et al., 2006).

o The concept of diaphragm walls with cross-walls showed to be successful with

maximum lateral displacements after final excavation of only 15 to 30 mm
(Karlsrud et al., 2006)

14
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2.3.3 UPIB-building, Taipei city, Taiwan

A case study conducted by Ou et al. (2010) investigate the construction of a tall
building in the center of Taipei city, Taiwan, called the UPIB-building. It is a
30-story building with a seven-level basement within a dense urban area. The ex-
cavation depth of this construction was 32.5 m below surface level and retained by
diaphragm walls down to a depth of 57.5 m. The thickness of the diaphragm walls
was 1.5 m and supported by cross walls and buttress walls, illustrated in Figure

2.11.
_/7Cross wall

Diaphragm ||
wall —fg

Diaphragm
<o wall

Cross—/ _%Buttress%

wall ] wall

Figure 2.11: Cross-wall and buttress-wall used in the construction of UPIB. (Ou
et al., 2010)

A numerical analysis was conducted using a simplified small strain soil model de-
scribed in Ou et al. (2010) to investigate the effect of installation of cross-walls in
reducing diaphragm wall deflection and ground movement. In Figure 2.12 a compar-
ison is displayed between the observed movements and analyzed movements in the
diaphragm walls at the final excavation stage, with and without using cross-walls.
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Figure 2.12: UPIB-building, Taipei city, Taiwan (Ou et al., 2010).
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Experiences from the UPIB-building project

o Compared to the numerical analysis, the effect of using cross-walls reduced
the maximum wall deflection in the diaphragm walls and ground settlements
by about 75 % and 82 %, respectively (Ou et al., 2010).

o Wall deflection and ground settlement increased with the increasing depth and
distance from the cross-wall (Ou et al., 2010).

o Wall deflection and ground settlement near corners in the excavation showed

to be very small, due to the arching effect (Ou et al., 2010).

2.3.4 Summarized experiences from the SBUF-report

The SBUF-report acted as decision basis for the approval of using diaphragm walls,
including cross-walls, and presented some of its advantages and disadvantages, SBUF
"Slitsmurar som permantenta konstruktioner" (Alén et al., 2006).

Advantages:

o Diaphragm walls have a high stiffness which enables deeper excavations than
conventional retaining systems.

 Installation of diaphragm walls reduce noise and vibrations compared to other
methods.

o By using diaphragm walls in deep excavation it enables more work space by
reducing other additional supporting structures, e.g. struts.

o The cross-walls can be constructed at the same time as the diaphragm walls,
before the excavation starts.

Disadvantages:
» Limited practical experiences of using diaphragm walls in Sweden.
e Require heavy and space consuming machines during the installation.

o Some installations difficulties can occur in transition zones between soils and

bedrock.

16
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2.4 Laboratory soil tests

In order to retrieve data from soil samples, different lab tests will be used in this
study and evaluate the soil behavior.

2.4.1 Undrained triaxial test

A triaxial test is used for measuring the soil behaviour under shear loading. It
is preformed by applying axial(vertical) o; and radial(horizontal) o3 stress on a
cylindrical undisturbed soil sample in a triaxial apparatus (Knappett and Craig,
2012). This can be preformed under drained or undrained conditions, where the
later will be used in this study.

The outputs from the test are used to determinate the strength and strain param-
eters of the soil, namely the friction angle ¢, effective cohesion ¢/, and stiffness
parameters. The data can be plotted using different stress relations. A typical
international practice is to use stress invariations of deviatoric stress ¢ and mean
effective stress p’, see Figure 2.13 and Equations in 2.1.

e

>
>

pl

Figure 2.13: p’ — ¢ plots, adapted from (Knappett and Craig, 2012).

/ /
/ g + 20-3

g=o—o5 P=- (2.1)

The critical state line in p’-q space is determine using Equation 2.2, and for the case
of having a effective cohesion ¢’ this is transformed in p’-q using Equation 2.3.

M=—==—"—"— sing’ = (2.2)

Coe = Com———— Cpppp = Com——— (2.3)
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2.4.2 QOedometer and CRS tests

These tests determine the behaviour of soil by simulating one-dimensional consoli-
dation or swelling. The soil sample is placed in a metallic ring between two porous
stone material which allow drainage in a submerged environment. The oedometer
test then apply incremental cumulative loading while the CRS test apply a constant
rate of strain (Knappett and Craig, 2012).

The stress history of the soil can be defined by the maximum effective vertical stress
of the past, pre-consolidation pressure o,,, and the in-situ vertical effective vertical
stress o). The relation between them is called the overconsolidation ratio OCR, see
Equation 2.4 (Knappett and Craig, 2012).

g

OCR = (2.4)

S

It is also possible to specify the initial stress state by using the pre-overburden
pressure POP as an alternative to describe the overconsolidation ratio, see Equation
2.5 (Brinkgreve, 2017a).

POP :| O';) - 0'/ |: AO’pop (25)

v

Figure 2.14 clarify the stress terms together with the soil overconsolidated ratio
OCR and pre-overconsolidation pressure POP.

OCR POP

Tov =03

Figure 2.14: Vertical and horizontal stresses, overconsolidated ratio OC'R and
pre-overconsolidation pressure POP.
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2.5 Material models

In the pursuit of describing the behaviour of soils several different models have been
developed. These models are constitutive relations between stress and strain and
their complexity varies between different type of soils due to soil composition and
mechanical behaviour. The following models are briefly described to explain the
basis for their use in this thesis, for more detailed explanations it is recommended
to read the references.

2.5.1 Linear Elastic model

The first and most simplified model describing soil behavior is the elastic model
based on Hooke’s law, which only assumes elastic deformations and that all strains
return to the origin after unloading, see Figure 2.15.

A\ 4

Figure 2.15: Stress and strain relation according to Hooke’s law.

The parameters used for this model are the elasticity modulus £ and Poisson’s ratio
v which can be retrieved from triaxial tests. From these two parameters it is possible
to calculate two other important parameters, shear modulus G' and bulk modulus
K according to Equation 2.6 and 2.7 (Wood, 2004).

FE

=500 (26)
FE

K= 3(1—2v) 2.7)

The shear modulus state the relation between shear stress and strain while the bulk
modulus describe volume changes due to isotropic pressure. Changes in strain de,
which occur at stress changes in the mean effective stress p’ and the deviatoric stress
q is formulated by Wood (2004) as:
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op'\ (K 0 o,

((5(]) = (o 3G> <5sq (2:8)
Nevertheless, the assumption of a total linear-elastic behaviour does not comply
with the reality since soil behaviour is not elastic at higher strain conditions. The

linear assumption is only valid at small strains where the plastic deformations are
negligible.

2.5.2 Mohr-Coulomb model (MC)

This model is a linear elastic perfectly-plastic model where the material yielding
is assumed to have a perfectly plastic behaviour (Brinkgreve, 2017b), see Figure
2.16. When the stress level exceeds the elastic stress interval irreversible plastic
deformations take form. Both elastic and plastic deformations consist of shear strain
and volume change due to stress changes.

A\ 4

e® eP e
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Figure 2.16: Linear elastic perfectly-plastic model, adapted from (Brinkgreve,
2017b)

The MC-model represents a ’first order’ approximation of soil behaviour and it is
recommended to use this as an estimate of a problem. The stiffness of a soil layer can
be set to a mean value or increase linearly with depth. This simplification makes the
computations faster to give an initial estimation of the deformations (Brinkgreve,
20170).
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The MC-model use the same elastic parameters as in LE-model:

E Young’s modulus kN/m?
v Poisson’s ratio —
G Shear modules kN/m?
K Bulk modulus °

The plastic deformations adds some new parameters from the Mohr-Coulomb failure
criterion, presented in Equation 2.9 (Knappett and Craig, 2012):

Tr Soil shear stress kN/m?
c Cohesion kN/m?
¢ Friction angle °
Y Dilatancy angle °
Tp = + 0 - tan(¢d') (2.9)

The relationship is visualized in Figure 2.17 where the size of the Mohr circles change
with different stress combinations from various stress paths. Triaxial tests are often
used to retrieve these parameters.

-03 -02 -01

Figure 2.17: Illustration of Mohr-Coulomb failure criterion, adapted from
(Brinkgreve, 2017b).

Dilatancy is the volume change observed in soil materials when its subjected to
shear deformations. Unlike most other materials, such as steel and plastics, some
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soils tend to expand in volume as they are sheared (Wood, 2004). In Figure 2.18,
the volume change (c) is is illustrated for both loose (a) and dense (b) packed soils.
The dilatancy angle v is defined as the angle of the displacements (Knappett and
Craig, 2012). However, the MC-model idealize a constant dilation rate when the
soil is sheared which is unrealistic (Karstunen, 2016).

dense

Ax

loose &

Ay

Figure 2.18: Illustration of volume change due to dilatancy v, (Brinkgreve,
2017b).

While using the MC-model it is also important to be aware of the difference between
the modeled stress path in undrained conditions compared (a) to the real stress path
(b), illustrated in Figure 2.19. For this reason, the MC-models risk to overestimate
the undrained shear strength.
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Figure 2.19: Stress paths of undrained (a) and real (b) conditions, based on
figures from (Brinkgreve, 2017b).
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2.5.3 Hardening Soil model (HS)

The HS-model simulate the behaviour of different types of soils and is a more ad-
vanced model compared to the MC-model. The soil behavior is described more
accurately by simulating plastic straining of deviatoric loading, compression and
elastic un-/reloading. The main input parameters of the model are Fsy, E,, and
E,.q and can be evaluated from triaxial and oedometer tests, shown in Figure 2.20.
The model also include input from soil dialatancy and a yield cap (Brinkgreve,
20170).

q O—C' 0'1' :pref 61'
A y_ ref , . >
o3 =p”
Quit |oo oo
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0.5 q}f Eoedre BN
> \4
Triaxial test £ g, Oedometer test

Figure 2.20: The plotted HS-model stiffness parameters retrieved from the
results of triaxial and oedometer tests. Adapted from (Karstunen, 2016)

The failure criterion parameters and the dilatancy angle used in the MC-model is
also used in the HS-model:

c Cohesion kN/m?
) Friction angle °
Y Angle of dilatancy °

The main parameters for soil stiffness in the HS-model:

! Secant stiffness in standard kN/m?
drained triaxial test

EeS Tangent stiffness for primary kN/m?
oedometer loading

Eret Unloading/reloading stiffness kN/m?

m Power of stress-level dependency —

of stiffness
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The parameter m represent the stress dependency in the stiffness parameters. When
observing soft clays, it should be considered equal to 1 (Brinkgreve, 2017b). As
mentioned in section Laboratory tests, the cohesion ¢ for soft clays can be assumed
equal to 0. The stiffness moduli Efe/, E') and E™¢/ are calculated and simplified

in the following Equations 2.10, 2.11 and 2.12:

c-cosp —al-singd \ —07

Eso = Ei/ 3 = Fso = BT [ =2 2.10

50 50 (c “cosp + pre - quﬁ) 50 50\ pres (2.10)

By — et (L0000 0h SO NT ey (20 (2.11)

“ o\ - cosp + pref - sing “r ur \ pref '

c-cosd — . - sing " !

Eoed = E:;:C{ K ; = Eoed = Eg:g; 3 (212)
c-cosp+ pref - sing pref

Additional advanced parameters for HS-model:

Vur Poisson’s ratio for unloading- —
reloading

pref Reference stress for stiffness kN/m?

Kg© Ky-value for normal -
consolidation

Ry Failure ratio qy/q,lt —

(default Ry=0.9)

The value of v, is usually about 0.2 and in the HS-model it is a pure elastic pa-
rameter. The usual default value of stiffness reference stress p¢/ is 100 kN/m?.
While using the HS-model in PLAXIS the K¢ is a independent input parameter
and defined by K[ = 1 — sin¢. The value can be changed, but then it becomes de-
pended on other values such as Eie’ | E'*S Eref and v,,. All inputs are not possible
and if it is manually changed, it can only have a certain range of valid K§“values

(Brinkgreve, 2017b).
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As described in the MC-model, dilatancy angle i) can have a considerable impact
on the soil behavior due to the current state of the density. But eventually, after
extensive shearing, the dilatancy come to an end. This behavior can be included in
the HS-model as "Dilatancy cut-off" and shown in Figure 2.21.

//dilatancy cut - off OFF
A 7

€
v L ﬁilatancy cut - off ON

\ maximum porosity reached

»
’
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Figure 2.21: The effect off dilatancy cut off in a strain curve from a standard
triaxial test, retrieved from (Brinkgreve, 2017b).

The HS-model also introduce a cap yield surface because the shear hardening, in a
p’-q plot, do not capture the plastic volume strain often observed in soft clays. Fig
2.22 illustrate the yield lines and the elastic region within them Brinkgreve (2017b).

Figure 2.22: Cap yield surfaces in a HS-model(Brinkgreve, 2017b).

The shear yield locus can expand up to the Mohr-Coulomb failure line and within
the cap yield surface defined by a function of the pre-consolidation stress o, retrieved
from OCR and POP.

The cap enables the possibility to formulate a model with independent input pa-
rameter of both Efs! and E'“Y. For more details, see PLAXIS manual for material

manuals (Brinkgreve, 2017b).
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2.5.4 Hardening Soil model with small-strain stiffness (HSs)

The HSs-model add some more details about the soil behavior since it consider more
accurate effects of unloading and reloading compared to the plain HS-model.

The reason for this is mainly due to the strong stiffness variation with increas-
ing shear strain amplitude in the regime of small strains shown in Figure 2.23
(Brinkgreve, 2017b). The shear modulus G plays a crucial role for modeling deep
excavations and soil-structure interaction problems.
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Figure 2.23: Characteristic stiffness-strain behaviour

The HSs-model use the same parameters as the HS-model:

EiS Secant stiffness in standard kN/m?
drained triaxial test

E'S Tangent stiffness for primary kN/m?
oedometer loading

Eret Unloading/reloading stiffness kN/m?

m Power of stress-level dependency —
of stiffness

Vr Poisson’s ratio for unloading- —
reloading
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And the additional HSs-model parameters are the initial or very small strain shear
modulus Gy and the threshold shear strain v 7:

are! Reference shear modulus at very [—]
small strains, € < 1076
Yo7 The shear strain level at which [—]

the secant shear modulus G is re-
duced to about 70% of G

The Young’s modules of very small strains Ej, can be calculated by Ey = 2Go(1+vy,)
and illustrated in a drained triaxial test shown in Figure 2.24.

q

Figure 2.24: Stiffness parameters Fsy, E,, and Fj in a drained triaxial test.
Adapted from Brinkgreve (2017b).

The shear modulus G can be calculated by Equation 2.13, and just as in the HS-
model ¢ can be set as 0 and m to 1.

ref [ C* cos¢p — o% - sing ref -0}
0=Go (C - cosp + pretf - sing Go 0 pref (2.13)
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Figure 2.25 illustrate the shear modulus of Gy and G, during a cyclic shear test.

\ 4

Figure 2.25: Stiffness parameters in cyclic shear test, adapted from Brinkgreve

(20170)

The shape of the curve of stiffness-strain behavior in Figure 2.23 is described as a
log function of G/Gy(7). It is common to specify the shear strain vy 7 at which ratio

G /Gy = 0.7, see Figure 2.26.
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Figure 2.26: The shear strain level at which the G is reduced to about 70 % of

Gy, adapted from Brinkgreve (2017b).
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2.5.5 NGI-ADP: Anisotropic shear strength model for clay
(ADP)

The NGI-ADP model is an anisotropic total stress undrained shear strength model.
The soil shear strength S, is defined for active, passive and direct simple shear stress
paths. Therefore, the results are according to the data given from lab and/or field
tests (Brinkgreve, 2017b).

The characteristics of this material model are:

o Input parameters for undrained shear strength for three different stress paths:
active, direct simple shear and passive.

o A yield criterion based on a translated approximated Tresca criterion.

« Elliptical interpolation functions for plastic failure strains and for strengths in
arbitary stress paths.

o Isotropic elasticity, retrieved from the unloading/reloading shear modulus G,,..

For clay the ADP-model especially consider the deformations and soil-structure
interactions for undrained loading.
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Figure 2.27: ADP stress-path illustration (Grimstad et al., 2012).

The ADP-model is a total stress undrained shear strength model suitable for mod-
elling undrained conditions. Effective stress analysis can not be performed with this
model, and therefore time effects are not considered. Also note that this model do
not account for a tension cut-off or softening after failure (Brinkgreve, 2017b).
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Stiffness parameters used for the ADP-model:

Glyr /s Ratio un-/reloading shear modules over -
active shear strength

%? Shear strain at failure in triaxial compression %

7}5 Shear strain at failure in triaxial extension %

%f? 59 Shear strain at failure in direct simple shear %

The shear modulus ratio of G, /s4 is typically between the values of 150-250. If
the shear strength is increasing with depth, the constant ratio G, /s gives a shear
stiffness increasing linearly with depth. The shear strains at failure ’yf and ’yf can
be seen in Figure 2.28.
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s C
Compression Ko _”_
v 1
- 1
1
T0 C
- Y

\ 4

%

Extension

v CsL v

Figure 2.28: Examples of typical stress-paths and stress-strain curves for triaxial
compression and extension, adapted from Grimstad et al. (2012).

The values for shear strain in normally consolidated and slightly over-consolidated
clays are usually in the order ; %? < 7}?55 < 7]? . Typical ranges according to
Brinkgreve (2017b); 7§ = 3-8 %, 775% = 2-8 %, 7= 0,5- 4 %.

From field tests (Wood, 2017), the ranges for Gothenburg clay can be assumed as;
v =2-3%,77°=6-8%,7/=4-5%.
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2. Literature review

Strength parameters of the ADP-model:

A ; Reference active shear strength kN/m?/m
OTX /g4 Ratio triaxial compressive shear strentgth -
over active shear strength
Yref Reference depth m
S’f,inc Increase of shear strentgh with depth EN/m?/m
sP /s Ratio of passive shear strength -
over active shear strength
To/ s Initial mobilization -
sD55 /54 Ratio of direct simple shear strength -

over active shear strength

The reference shear strength s s is retrieved from undrained active stress paths
for the reference depth of y,.;. Below this depth the shear strength and stiffness

may increase linearly with increasing depth and above the strength is set to sf,r of

The strength parameters of ADP can be illustrated in Figure 2.29. Further details
about each parameter can be found in Brinkgreve (20175).

Pia A
5,778y

Figure 2.29: Strength parmeters in a typical deviatoric plane strain plot of equal
shear strain contours, (Grimstad et al., 2012).
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2.5.6 Comparison of HS and ADP

The PLAXIS manual explaining the material models, rates their differences in terms
of soil type, applications and type of loading.

HS and HSs
Considering soil types:

e The most suitable material model for over-consolidated clay and fair for nor-
mally consolidated clay.

Considering different types of applications:
« HSs is suitable for all types of applications, e.g. good for excavation.
Considering different types of loading and soils:

o The best standard for primary compression, un-/re-loading, shear/deviatoric
loading, and compression/extension shear, however not all loading combina-
tion can be used in the same time due to limitation in the input parameters.
It is also reasonable for modelling undrained and cyclic loading.

ADP
Considering soil types:

o The ADP-model is most suitable for normally consolidated clay in short-term
analysis, in case only undrained strength is known.

Considering different types of applications:
e Only fair modelling for excavation. Better for embankment, slope and offshore.
Considering different types of loading and soils:

e The best standard for undrained shear type of loading. Only reasonable for
primary compression and un-/re-loading.
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Case Study

In order to conduct a numerical modeling for a deep excavation using diaphragm
wall and cross-walls in soft soil conditions a real and already constructed project
with similar characteristics was chosen. A typical and simplified cross-section based
on the selected project is set to be the base for the comparison between the outcome
from the numerical calculations using different material models. The soil parameters
used in the calculations are obtained from other researches (Wood, 2017), where
extensive soil data was used and calibrated using FE.

3.1 The Lilla Bommen Tunnel (LBT)

The previous experiences of the Gota tunnel project showed to be compatible to
fulfill the aim of this thesis. Therefore the tunnel section of Lilla Bommen (LBT)
have been chosen to be the base for the case study.

The location of LBT lies within the central parts of Gothenburg close to existing
buildings, in soft clay deposit and close to the construction of the new Central
Station in the West Link project. The support structure of LBT used diaphragm
walls with cross-walls and were calculated with numerical models (Karlsrud et al.,
2006). However, the material model used for the modelling of LBT were a MC-
model which have some limitations compared to the material models of HSs and

ADP.

= Stationstunneln

Statik,‘nsomréﬂ

!

- Plattformar

Figure 3.1: Location of LBT (red) and central station in the West Link (yellow),
adapted from (MetroArkitekter, 2018)
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3.1.1 Location

The modelled cross-section of LBT was purposely located a bit away from other
previous studies, which showed some unfavorable circumstances therefore could be
avoided. However, this made it hard to find real relevant survey data to validate the
study. The red line in Figure 3.2 represents the cross-section, at the longitudinal
section 2/840 in Appendix A '"Drawings of Lilla Bommen tunnel'. The Torsten
Henriksson pedestrian bridge can also be used as an approximate location reference.

‘ % ;}_d"l,ias,s?:‘rblad butlding
AW, 7\‘ 1= L

B
LS

A ’,
B A

Figure 3.2: Location of LBT cross-section, adapted from (Karlsrud, 1983).
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3.1.2 Geometry

The geometry for the structure used in the model is based on the section view E-E
at 2/800 in Appendix A "Drawings of LBT". In Figure 3.3 the excavation appear to
be about 8 m deep and 40 meter wide.

NORR M SODER
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\ 37 \ 'r-:s‘ 3 3 375 0,2
32_“; " K375 " P K35 " K3,5 Manim, _z‘.r_%, K3,5 " K35 " L K3.75 ¥ " 0

750
——IPROFILLINJE 33 SIPROF M JE PROF MJE 01 _ 1
' VARIERAR 17505, | L 1750 Z| VARIERAR
ARIFRAR } [
= _-—_—__—L_)._ __ .'.-_-

SEKTION E-E~

Figure 3.3: LBT drawings, section view E-E (2/800).

3.1.3 Excavation sequence of LBT

As mentioned in the literature review the LBT used the Cut-and-cover method.
Initially the diaphragm wall and cross-walls are were installed. The excavation were
executed partly in different steps, in plateaus with a length of 10-12 meters and
depth of 3-4 m along the diaphragm wall. Struts were installed along the excavation
at the top and cross walls in the bottom. See illustration in Figure 3.4.

Figure 3.4: LBT excavation sequence.
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3.2 Implementation

The LBT is modelled in PLAXIS 2D and calculated by the two different material
models, HSs and ADP, for the different soil layers. In order to compare the material
models a base model is established as reference, with as much as equal parame-
ters as possible. Following sections will present the model input parameters and
adaptations.

3.2.1 Modelling assumptions

Some necessary assumptions in order to enable the modelling and reduce the com-
puting process in PLAXIS.

Assumptions:
o Horizontal soil layers.
o Each layer considered homogeneous within its borders.

o Groundwater considered hydrostatic and undrained conditions.

3.2.2 Structure geometry

The dimensions for the diaphragm wall and cross-wall in the model for this case
study is adopted from the drawings of LBT and shown in figure 3.5 from Appendix
A. The excavation depth is 7.5 m, depth of diaphragm wall 11.5 m, width of cross-
wall 40 m divided by 2. Only one half of the excavation support structure is needed
to be modeled since it can be assumed to be symmetric. The thickness of the
diaphragm wall is set to be 1.2 m and 0.8 m for the cross-walls.

NORR SODER
E VARIERAR VARIERAR

11,5m

\ 4

- [ ™1
SEKTION E-€ ¢
I

20 m

Figure 3.5: Dimensions of LBT support structure and excavation.
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Figure 3.6 is a cross-section from the PLAXIS-model. The following list below
explain some of the details shown in the figure.

Y A —

2 3] yd

x

Figure 3.6: Section example from PLAXIS-model (Phase 7).

1. Final excavation step, at phase 7 and the most critical.
2. Water level is set to be at +0.5 m.

3. The strut is placed 0.5 m below the top of the diaphragm wall and -2.5 m
below initial surface.

4. A sheet pile wall, installed to handle a pseudo soil failure problem in the fill
layer of the model.

5. A truss representing the cross-wall, see 3D-2D adaption in section 3.2.3.

6. Piles installed at excavation bottom, according to drawings in Appendix A,
A-A section.
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3.2.3 3D-2D converting method

The model for LBT is modeled in PLAXIS 2D, while the effects of using cross-walls
is in 3D. In 2D it is possible to capture the lateral support of the CW, but it does
not consider the friction that occur between the CW and adjacent soil. This friction
counteract the effect of bottom heave (Karlsrud et al., 2006).

This can be solved by converting the lateral force support into a imaginary steel
truss and turn the CW parallel to the DW, see illustration in Figure 3.7. The CW
is placed with the same distance from each other as earlier between and connected
to the DW. The truss will simulate the lateral force and the CW will simulate the
effects caused by the friction in the interface between CW /soil and CW/DW.

For a full converting calculation, go to Appendix B, "Converting stiffness of cross-

wall to truss".

Figure 3.7: Illustration of the 3D-2D converting method. Shifting the CW from
perpendicular to parallel to the DW.
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3.2.4 Phases

In order to simulate the construction stages of the LBT, the PLAXIS-model consist
of different phases, shown in Table 3.1 with comments for each step.

Table 3.1: Settings for the modelled phases.

EL Calc Reset | Loading Pore Comment
[m] type disp. type pressure

Initial 2,5 | KO proc. Staged | Phreatic

Phase constr.

Phase 1 0 Plastic Yes Staged | Phreatic | Excavation of fill
constr. and dry crust

Phase 2 0 Plastic No Staged | Phreatic | Installation of
constr. DW, CW and piles

Phase 3 0 Plastic Yes Staged | Phreatic | Reset displacements
constr.

Phase 4 -3 Plastic No Staged | Phreatic | Installation of strut
constr.

Phase 5 -3 Plastic No Staged | Phreatic | Excavation
constr.

Phase 6 -5 Plastic No Staged | Phreatic | Excavation
constr.

Phase 7 | -7,5 | Plastic No Staged | Phreatic | Excavation, most
constr. critical phase

Phase 8 | -7,5 | Plastic No Staged | Phreatic | Installation of
constr. bottom plate

Phase 9 | -7,5 | Consol. No Staged | Phreatic | Consolidation
constr. for 180 days

Phase 10 | -7,5 | Safety No Calculated on

phase 7
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3. Case Study

3.2.5 Flow conditions

The water flow during the excavation is also modelled in the PLAXIS application
"Flow conditions". Each excavation step is set as dry clusters and interpolation of
pore water pressure for each bottom. Figure 3.8 display the phase 7 as example,
with grey as dry cluster and orange as interpolated pore pressure.

Y ko

Figure 3.8: Water flow and interpolation in phase 7.

3.2.5.1 Bottom heave and Safety Analysis

In the final excavation step of phase 7 there is risk for bottom heave, since it is
before the installation of the bottom plate. It is therefore important to ensure if
the soil goes to failure or not. The basic mechanism bottom heave is illustrated in
Figure 4.5.

Heave

Figure 3.9: Basic mechanism of bottom heave.
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A formula to calculate the stability of the bottom heave is presented in Equation
3.1 by (Sallfors, 2013). Full calculation of the stability factor for the LBT-model,
see Appendix C "Calculation of Basal heave stability".

F.=N, gi

M 1
CyxHtq-p 31)

IfF,>=1,5 — Stability OK!

The stability factor value was calculated as 1,04, which does not fulfill the required
value of 1,5 to discard the risk of bottom heave. However, this simplified calculation
does not regard the friction that originate between the soil and the cross-walls, which
would have created a higher stability factor. Further calculations of the model, to
account for the friction, was conducted by using the PLAXIS Safety Analysis tool.
It was calculated for the most critical situation, phase 10, and did not go to failure.
Failure by hydraulic heave is not relevant since it is only layers of clay.
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3.2.6 Interfaces

The interfaces are separated into three different areas, as can be shown of the three
different colours in Figure 3.10:

e The purple interface represents the surface between DW or CW and the soil.
o The white serve as the specific surface between the DW and the CW.

e« The brown interface is a extension at the bottom of the DW and CW to
prevent calculation errors.

The reason to separate the purple and white interfaces is to investigate if the specific
interface at the contact surface between the DW and CW have different impact on
the model then the other interfaces.

¥

T

Figure 3.10: Interfaces in the PLAXIS-model.

In order to distinguish small displacements and permanent slip in the interfaces,
the MC-model is used to simulate these with its elastic and plastic behaviour. The
interface strength R, properties can be calculated from the cohesion ¢ and friction
angle ¢ in the soil and interface:

R o Cinter face o tangpinterface
Inter — -

Csoil tangpsoil

In the tab-sheet for interfaces the value of Ry, can be entered manually, otherwise
it is set as rigid with the default value of 1. For real soil and structure interaction
the interface is often weaker then 1, often assumed to be around 0,7. If the Ry er

value is reduced, both interface strength and stiffness is reduced as well (Brinkgreve,
2017a).

Table 3.2 presents the parameters values for both the interfaces between DW /Soil
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and DW/CW with the only difference in Rpe-

Table 3.2: Parameters for the interfaces between DW/Soil and DW/CW.

Parameters Values Units
Material set Material model MC -
Drain type Undrained A -
General properties Yunsat 16 EN/m?
Ysat 16 kN/m?
Advanced Dilatancy cut-off No -
Cinit 0,5 -
Cmin Auto -
Comaz Auto -
Stiffness E' 7,00E+4-03 kN/m?
v 0,2 -
Strength Cref 1 -
¢/ 33 o
wl 0 o
Advanced Default values Yes -
GW model Data set Std -
Soil Type Very fine -
< 2 microm Auto %
2-50 Auto %
50-2 millim Auto %
Flow parameters Default values No -
ke 0,001 m/day
k, 0,001 m/day
dilatancy,nsat 0 m
Cinit 0,5 -
S Auto 1/m
Change of permeab Ck 1,00E+15 -
Interface Strength Manual -
RinteT 0,6* or 0,8** -
Con. gap closure Yes -
Real interface thickness | d;ter 0 -
GW Cross perm. Imp. -
Drainage conductivity | 0 m?/day/m
KO settings Ky determ. Auto -
Ko, =Ko, Auto -
Ko, 0,53 -
K07Z Auto -

* Interface of the interaction between DW/soil.
** Interface of the interaction between DW/CW.
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3.2.7 Input data for structures

The following subsections present the input data used for the structures in the
PLAXIS-model. Some of them are estimations or set to standard values, some are
retrieved from other models adapted for similar conditions in the nearby area of

Region City (Wood, 2014) while others are calculated.

3.2.7.1 Diaphragm wall and cross-wall

Table 3.3 presents the material set used for both the diaphragm wall and the cross-

walls.

Table 3.3: Input data for the diaphragm wall and cross-wall.

Parameters Values Units
Material set Material model Linear elastic -
Drain type Non-porpous -
General Yunsat 25 kN/m?
properties Ysat 25 kN/m?
Advanced Dilat cut-off No -
€init 0,5 -
Cmin Auto -
Cmaa Auto -
Stiffness E 3.10E+4-07 -
v 0.2 -
Flow parameters Default values -
ky 0 m/day
k, 0 m/day
dilatancy ,,sat 1.00E+4-04 m
Cinit 0.5 -
Change of permeab | ¢ 1.00E+15 -
Interface Strength Rigid -
Rinter* 1* -
Con.gapclosure Yes -
Real interface thick | delta;,ie, 0 -
GW Crossperm. Imp. -
Drainageconduct. | 0 m3/day/m
KO settings Ky determ. Auto -
Ko, =Ko Auto -
K(]’x Auto -
Ky, Auto -

* Rinter does not matter since we use specific interfaces.
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3.2.7.2 Temporary sheet pile wall

In order to conduct the model, without soil failure above the diaphragm wall, a

sheet pile wall (SPW) were installed. Table 3.4 present the specific input data.

Table 3.4: Input data for the SPW.

Identification | Value Units
Material set | Material type | Elastic -
Properties Isotropic Yes -
End bearing | No -
EA, 3,00E+06 | kN/m
EA, Auto EN/m
EI 6,84E4+04 | kNm?/m
d Auto m
W 0 EN/m/m
v 0,3 -
Rayleigh « 0 -
Rayleigh 0 -
3.2.7.3 Piles

The piles used in the PLAXIS-model use the input data for a standard pile of
270x270 mm and are presented in Table 3.5. Figure 3.11 below display a standard

pre-cast concrete pile, with mechanical joint and rock tip (Axelsson, 2016).

| |

| |

Figure 3.11: Typical standard pile, (Axelsson, 2016).
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Table 3.5: Input data for the piles.

Identification Values Units
Material set Material type Elastic -
Properties E 3,00E+07 kN/m?
y 10 kN/m?
Pile type Predefined -
Predefined pile type Massive square -
Width 0,275 m
A Auto m?
I Auto m*
Lspacing 4.5 m
Rayleigh « 0 -
Rayleigh /3 0 -
Axial skin resistance Axial skin resistance Linear -
Tskin,start,max 17* kN/Hl
Tskin,end,mar 42* kN/m
Lateral skin resistance Lateral skin resistance | Unlimited -
Base resistance ) N 36+* kN
Interface stiffness factor | Default values No -
Axial stiffness factor 0,17%%* -
Lateral stiffness factor | 0,1%** -
Base stiffness factor Tk -

*Calculation of Axial skin resistance, see Appendix C.

**Calculation of Base resistance, see Appendix C.

**Interface stiffness factor. Axial, lateral and base stiffness factor retrieved from

other research (Wood and Karstunen, 2017).

3.2.7.4 Struts

Input data for the struts, which is assumed to have a standard diameter of 750 mm.

Table 3.6: Input data for the struts.

Identification | Value | Units
Material set Elastic -
Properties EAgru 9.639* | EN

Lspacing by m

*Calculation strut E A, see appendix C
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3.2.7.5 Truss

Table 3.7 presents the parameters used for the truss representing the cross wall.
For calculation and more about the conversion, see Section 3.7 "3D-2D converting
method" mentioned earlier.

Table 3.7: Input data for the trusses.

Identification | Value Units
Material set Elastic -
Properties | FA 2.17E+07* | kKN

Lspacing 5 m

* See calculation in Appendix B.

3.3 Selected models and parameters

The selected models in this case study is the Hardening Soil small strain model
(HSs) and NGI-ADP model (ADP) that have been presented in previous chapter 2
Literature Review section 2.5 Material models.

The soil parameters used for modelling the base model of LBT and the material
models have been retrieved from two different investigations in the nearby area.
Most of the data used for the HSs parameters have been evaluated from triaxial
tests conducted for Jernhusen in Region City (Wood, 2014). The ADP parameters
have been retrieved from preliminary design for the West Link project (Trafikverket,
2013).

Many other reports have also used this data, for have been summarized in a PM
from Trafikverket named "Design Base Geoteknik" (Wood, 2017).

The conditions for the data used for modelling LBT were merged from these two the
best way possible to minimize any unnecessary differences in the sensitivity analysis.

Figure 3.12 presents the adjustment of the soil layers for the fictional model of LBT
from the two different soil parameters. They are defined the same way in both
material models but generally adapts to the data from the HSs-model. For more
detailed in formation, see the referred literature.
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HSs ADP LBT
Level 25 2,5
1 Filll :
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Figure 3.12: Soil layers adaption. HSs & ADP from RegionCity adapeted for
LBT.
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3.4 Soil parameters

In pursuance of better visualise the soil parameters, they will be plotted in different
diagrams with data from given data simulated in test and compared with field tests.
The following Tables present input data and parameters for the material models,
more details can be found in Appendix D.

Table 3.8: General input parameters to both material models.

Top | Bot | Az v Yoo OCR | POP | KO | KOy | ¢’
Soil | [m] | [m] | [m] | [kN/m?] | [kN/m?] | [] I O
Fill* 2.5 0 2.5 18 10 - - 0,5 | Auto | 35
Clayl | 0 -3 3 16 10 2,00 0 0,7 | 0,47 | 32
Clay2 | -3 -5 2 16,5 10 1,65 0 0,7 | 0,47 | 32
Clay3 | -5 | -10 | 5 15,5 10 1,38 32 10,63 | 047 | 32
Clay4 | -10 | -20 | 10 15,7 10 1,25 32 10,61 047 | 32
Clayb | -20 | -30 | 10 16,3 10 1,17 32 10,58 | 0,49 | 30,5
Clay6 | -30 | -40 | 10 16,2 10 1,14 0 0,57 | 0,49 | 30,5
Clay7 | -40 | -80 | 40 16,4 10 1,14 0 0,56 | 0,49 | 30,5
* The Fill layer use the MC-model.
Table 3.9: Specific parameters to HSs-model.

ot | B | B | Bl [ Go7 | G
Soil [kPa] | [kPa] | [kPa] | [kPa] | [kPa] | [kPa]
Clay1 1 7000 | 3002 | 27000 | 77480 | 6800
Clay?2 1 7000 | 3400 | 33700 | 39700 | 8800
Clay3 1 7000 | 3068 | 24250 | 40210 | 10800
Clay4 1 15400 | 8300 | 30800 | 39230 | 15200
Clayb 0 13100 | 6600 | 26200 | 40960 | 20800
Clay6 0 13100 | 6600 | 26200 | 36060 | 27200
Clay7 0 10500 | 5285 | 21000 | 37460 | 44400
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Table 3.10: Specific parameters to the ADP-model.

Yref Sﬁ,inc Sf,ref 55/83 TO/S;?
Soil [m] | [kN/m?] | [kPa] -] -]
Clayl | 0 0 23 0,565 0,4
Clay2 | -3 | 23 23 | 0,569 | 045
Clay3 | -3 | 23 23 | 0582 | 047
Clay4 | -3 2,3 23 0,589 0,5
Clayb | -3 2.3 23 0,595 | 0,55
Clay6 | -3 2,3 23 0,6 0,57
Clay7 | -3 | 23 23 | 0,603 | 055

Table 3.11: Specific parameters to the ADP-model.

Yref TO/Sﬁ Gur/sﬁ %g '7]? ’7]1‘)55

Soil | [m] | [ o H
Clayl | 0 [ 0,652 | 400 | 2
Clay2 | -3 | 0,656 | 400 | 2
Clay3 | -3 | 0,668 | 400 | 2
Clay4 | -3 | 0,676 | 400 | 2
Clay5 | -3 | 0,682 | 400 | 2

2

2

—

Clay6 | -3 | 0,687 | 400
Clay7 | -3 | 0,69 | 400

o= e e e e )
e T
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3.4.1 Initial In-situ

The plot in Figure 3.13 presents the in-situ stresses and pore water pressure for the
modelled case study. The soil showed to be slightly over-consolidated.
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Figure 3.13: In-situ stresses, pore water pressure, OCR and KO.
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3.4.2 Numerical model parameters

Following subsections illustrate the stiffness and strength parameters used in HSs-
and ADP-model. For more details about calculations of parameters presented, see
Equations described in 2.5 Material models.

Stiffness

Figure 3.14 presents the stiffness parameters Fsg, F,.q and E,, with depth, used in
the HSs material model. The E5y and F,.q are quite similar while E,,, is about the
double. In the transition between the different layers the stiffness reduces a bit.

00 T |
-5,0 - E50
-10,0 ........ . -
-15,0 ~
-20,0
-25,0 <

-30,0 <

Elevation [-]
V4

-35,0 N
-40,0 i -
45,0 ."'-.__ .
-50,0 ."':,_ S

-55,0 ] >

-60,0 : N
0 10000 20000 30000 40000 50000 60000
Stiffness [kPa]

Figure 3.14: Young’s modules E5g, Fyeq and E,.
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Figure 3.15 represents shear modules at very small strains Gy used in HSs-model
compared to un-/reloading shear modules G, used in the ADP-model. Gy is con-
stant since the reference value in ADP-model of G,/ S;j‘ = 400. Gy is calculated
from the HSs-model parameter G5/ with Equation 2.13.

The initial shear modulus Gy is higher then the constant G,,. Therefore, the HSs-
model have higher shear stiffness than the ADP-model which results in smaller

deformations and strains, however Gy will also be degraded but still higher than
ADP-model.
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Figure 3.15: Shear modules, initial G and un-/reloading G,
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Strength

The strength parameter of the initial mobilization 74/s2 is compared in Table 3.16
between the simulated in-situ value and field test values retrieved from Region City
(Wood, 2014). The simulated shear strength and field test converge quite well. For
more details, see 2.5 Material models and Brinkgreve (2017b).
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Figure 3.16: Initial mobilisation ratio of 75/s%, a comparison between simulation
and lab test values.
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3.5 Simulation of soil parameters

PLAXIS have a feature called Soil-Test which simulate theoretical laboratory tests
for different material sets defined by the user. The available simulation options are
triaxial, CRS, oedometer, DSS and General. In the last option, any random stress
path can be simulated by presenting the right boundary conditions.

3.5.1 CRS test

Figure 3.17 shows the simulated stress-strain curve of the HSs clays 1 to 7 conducted
in PLAXIS Soil Test, according to the settings in Table 3.12, compared to real
tests of field samples from Region City (Wood, 2014). Comments on the CRS test
simulation:

o This set of parameters are not able to capture the real soil behaviour under

CRS conditions.

e Only the initial part before the pre-consolidation pressure is captured to some
extend.

Table 3.12: Input data CRS SoilTest.

Type of | Input | Mob.Rel. Initial | kN/m? | Phase 1 Incre. | %
test Shear
Strength
Drained o. No Opa -5 Duration: 1 day | deg, 0
Oyy -5 Steps: 500 deyy | -10
Ozz -5 66,22 0
Tay 0 Yy 0

95



3. Case Study

ol' [kPa] log o1' [kPa]
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Figure 3.17: CRS plots of stress-strain and logarithmic stress-strain in the
HSs-model.



3. Case Study

3.5.2 Triaxial test

Figure 3.18 presents p’-q stress space of simulated test using HSs. Table 3.13 presents
the input paramters for clay 1 to 7 simulated in PLAXIS SoilTest and compared
with lab tests from Region City (Wood, 2014). The lab test are retrieved from a
effective stress path plot in triaxial space s’-t and converted to p’-q using equations
in 3.2. Comments on p’¢g-plot in Figure 3.18:

o The presented MC-failure line is plotted with ¢ = 32°, sample clay 5 to 7 have
¢ = 30.5° and therefore do not intercept with the line.

« Partial aniosotropy using the MC failure in HSs. However still same friction
angle in compression and extension, where the path exceeds.

3s' —t
qg=2t, p= (3.2)
3
Table 3.13: Input data Triaxial SoilTest.
Type Direction | Consolid. | Input Units
Undrained | Comp. KO0 = 0.7 | Initial eff. stress, o,’ kN /m?
& Ext. Maximum strain, o, %
Steps: 500 -
Vertical precons. stress, o.’ kN /m?
Mob. Rel. Shear strength: No -
-600 N U 10m TRIAX RC
500 S 27m TRIAX RC
5
-400 @ e 45m TRIAX RC
o
-300 e | eeeeen 55m TRIAX RC
o
-200 © &——15mClay 1
— -100 @—— 4 m Clay 2
(92}
e]
Ht; 0 7.5m Clay 3
E_ 100 5 15 m Clay 4
g ——25mClay5
200 % m ey
@®——35mClay 6
300
@ 60 m Clay 7
400

0 -100 -200 -300 -400

Figure 3.18: Comparison of p’ — ¢ stress space in a triaxial test in the HSs-model.
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The simulated major principal strain and deviatoric shear compered to Region City
lab test is presented in Figure 3.19. Comments on the HSs-model strength parame-
ters:

e The lab test from Region City only presents strain and deviatoric shear in
compression.

o The HSs-model simulation appears to be stiffer at small strain.

e The simulation from HSs-model do not capture the clay softening behavior.

350 €3 Extension €l Compression
------- 10m Sua RC
2500 i e 27m Sua RC
------- 45m Sua RC
-150
1.5mClay 1
-50 -
rpn 4 m Clay 2
i
5
1l 7.5mClay 3
50 o ¥
15m Clay 4
150
25 m Clay 5
250 35m Clay 6
60 m Clay 7
350
3% 1% -1% -3%

Figure 3.19: Comparison of major principal strain and deviatoric shear between
simulation and lab test values in the HSs-model.
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Figure 3.20 presents the shear strength s, comparison between the ADP-model
simulation and lab test values from Region City. Comments on the ADP-model
strength parameters:

o The simulated values for shear strength i compression S fits very well, whilst
extension S? indicate a small overestimation in the HSs-model.
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Figure 3.20: Comparison of shear strength S, between simulation and lab test

values in the ADP-model.
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4

Results

This chapter presents the results from 38 individual PLAXIS-calculations conducted
for the material model comparison and parameter study. To investigate the result for
the vast amount of data, only a few output variables have been chosen to visualize
the effects.

4.1 Parameters

A total number of 18 variations combining the two material models and different
parameters were chosen to be alternated for a sensitivity analysis, in order to inves-
tigate the effect on the LBT boundary value problem. These can be divided in 3
categories:

o Interface parameters for both material models.
o Stiffness parameters of the HSs-model.
o Stiffness and strength parameters of ADP-model.
For further information about the parameters, go back to the Literature Review

chapter or see PLAXIS manual (Brinkgreve, 2017b).

4.1.1 Interface parameters

Riner: Interface reduction factor.
E’: Interface stiffness.

The elasto-plastic MC-model with undrained (A) is used to describe the behavior
of interfaces for modelling the soil-structure interaction. The Coulomb shear stress
criterion is used to separate elastic behaviour, where small displacements can occur
within the interface, and plastic interface behaviour when permanent slip may occur
(Brinkgreve, 2017a).

Note that a value of R, less then 1 reduces the strength ¢/, 1) and ¢ as well as
the stiffness E’ of the interface. Suggestions for R;,;., interaction between clay and
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4. Results

concrete is 0.7-1 (Karstunen, 2016).

The parameter study investigates the effects of changing R;,:.. and E’ between the
diaphragm wall/adjacent soil (DW /Soil) and diaphragm wall/cross-wall (DW/CW),
for both the HSs and ADP-models.

4.1.2 HSs stiffness parameters

Eggf : Secant reference stiffness in standard drained triaxial test.
E;;’; : Tangent reference stiffness for primary oedometer loading.

Erel: Un-/reloading reference stiffness.

Due to limits in altering the parameters of the HSs-model in PLAXIS, some alter-
nations had to be made in order to be able to conduct a parameter study. These
are presented in the Sensitivity analysis. Note that it is the reference value at
Pref = 100kPa that is varied.

4.1.3 ADP stiffness and strength parameters

Stiffness

Gur/s2: Ratio un-/reloading shear modules over undrained active shear strength.
’y]?: Shear strain at failure in triaxial compression.

fy]l? 95: Shear strain at failure in direct simple shear.

’yf : Shear strain at failure in triaxial extension.

If the shear strength is increasing with depth the constant ratio for G, /s’ gives a
shear stiffness increasing linearly with depth.

Strength

sP/s4: Ratio of plain strain passive shear strength over plane strain active shear
strength.

sDSS /54 Ratio of direct simple shear strength over active shear strength.

62



4. Results

4.2 Qutput variables

This section present the chosen output variables for comparison and evaluation of
the parameter study. Appendix D presents more details about the extraction of the
variables. All output variables are taken from phase 7, at full excavation before the
bottom plate is constructed, since it is the most critical phase.

Deformation, u,

Plotting all the horizontal displacements in the diaphragm wall. This type of dis-
placements is often monitored during the construction by surveyors or by installed
inclinometers.

Bending moment, M

The bending moment effecting the diaphragm wall.

Axial forces of strut and cross-wall truss, N

The axial forces acting on the diaphragm wall from the strut and cross-wall. Cal-
culation for these output variables have been presented in previous chapter Case
Study and Appendix B and C.

Total normal stress due to earth pressure, oy

Some abnormalities were observed in this output parameter, mostly on the passive
side, which probably is due to the truss model for the CW at this zone.

Heave at the excavation bottom, u,

There is a zigzag pattern of the heave deformation, a model effect due to the cross-
walls and the piles. The peak values represents the heave at the soil between the
cross-walls. The friction on the cross-wall reduces the heave in the soil.

Settlements, u,

Settlements behind the diaphragm wall at ground surface.
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4.3 Base-model comparison and evaluation

This section illustrates and comment the differences found in comparing the results
of the material models HSs and ADP. Step by step the input parameters have been
evaluated by observations of the differences in the material models and other mod-
elling consequences. The iteration of the base-model using the material models HSs
and ADP is presented below as an example for the sensitivity analysis and present
the major differences between the material models before altering the parameters.
The whole comparison of the base-model is presented in Appendix E Complete
Sensitivity Analysis.

Horizontal deformations in the diaphragm wall, u,

o The ADP-model shows a relatively higher clockwise rotation of the wall com-
pared to the HSs-model.

e The strut have greater counteracting effect on the diaphragm wall then the
cross-wall. An error in equivalent length in the modelling might have con-
tributed to this. It is normal that the wall tend to rotate at the bottom.

Direction Uy Uy
Material model | HSs ADP | HSs ADP

Strut position | 2mm 4 mm | 10 mm 20 mm

Deformation, u,
7

7/
2 /
/
/
-4 1
T /
= /
S -6
= /
>
2 g /
/ HSs
10 /
/ — —ADP
’
-12 WAY:
7 5 3 1 1 3 5 ¥
Horizontal wall defomration [mm] :I‘j

Figure 4.1: HSs/ADP comparison. Plot of u, deformation and deformed mesh
view scaled up 50 times.
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Bending moment in the diaphragm wall, M

o Truss acting more like a point-load rather then a distributed-load which can
be seen in both M-diagram and deformed mesh view.

o Cross-wall slightly bent resulting in less contact in the interface to diaphragm
wall.

« Bending moment approximately equal to 0 [kNm/m]| in the middle of cross-
wall.

« Maximum bending moment difference between HSs and ADP, AM = 100 [kN-

Material model | HSs | ADP
Maximum bending moment | 520 [kNm/m] | 600 [kNm /m]

Bending moment, M - 2
- W
— e 0
2 P
7,
£ \ &l
C
5 N “
5 <= >
2 -~
L ~
-8 ‘ o
HSs ><
-10 — —ADP ) -
[~ _,// {1
' —J
-12 , ) vy “.
800  -600  -400  -200 0 ‘r SN TA—L NN \ N Iqu
Bending moment [kNm/m] ™ .'I/—:"l _;‘;{_n VoA N //T‘ &7 L ’7"\*%’---

Figure 4.2: HSs/ADP comparison. M-diagram and deformed mesh scaled up 50
times.
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Axial normal forces acting on strut and truss, N

o The axial normal force of the truss is the sum of the resulting horizontal force of
each individual bar. Significantly higher axial normal force in truss compared
to strut.

e Due to wrong input value for the equivalent length of the strut, it most cer-
tainly have affected the axial force of the strut and truss in both the HSs and
ADP.

o The axial normal force for HSs is slightly higher in the strut and significantly
less in truss.

o N 1176
/ o
AN/ -1020
;"I ;/
A .1\; 0 HSs -2500 -5000
P S [kN]
1 W ADP
N
P .'I N, \\
Truss
) -3051
,f';::{ 7 " {
YA 1 0 -2500 -5000
| S
\ AR HSs
e [kN]
“\NPK A m ADP
sl |I /‘L A< | p "),‘-\‘_‘ \
%77'" rTV}\.\\ | h I V\'\ |* d A | '--*\'l——_
\ N A=K

Figure 4.3: HSs/ADP comparison. Axial normal forces acting on strut and truss.
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Active/Passive earth pressure, o

Elevation [m]

o HSs: A minor change in pressure between the clay layers.

o The earth pressure in the ADP-model initially decreases and during the first
clay layer have at a lower value but then surpasses the HSs with a constant
increase with depth.

o Most likely, the effects of the cross-wall implementation, shows some disrup-
tions in pressure in the marked areas in the figure and is considered deceptive
and therefore neglected.

Earth pressure

HSs Active side
HSs Passive side

-4 ADP Active side

= = = ADP Passive side

125 75 25 -25 -75 -125 -175 -225 -275 -325 -375
Earth pressure [kN/m]

Figure 4.4: HSs/ADP comparison. Active/Passive earth pressure o.
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Heave at excavation bottom, u,

68

Heave at the bottom of

excavation [mm]

The heave is higher in the middle of the excavation compared to the joint of
DW/CW, especially in the ADP-model.

Material model ‘ HSs ‘ ADP
Maximum heave ‘ 6 cm ‘ 2 cm

Heave at excavation bottom

70

60

50 v/\/\\\,\ S

40 HSs \/ \/

30 e = ADP v %

2 STA < BINAR |

o I n g RSO
0 5 10 15 pIVIN 5 17 cavaawa % 5 v {05 11 £ &A% ki G mavisy N
Distance from the symmetry axis towards the i ARHBOCHAAAXAEP AN '

wall [m]

Figure 4.5: HSs/ADP comparison. Heave at excavation bottom.
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Settlements behind the diaphragm wall, u,

¢ Notice that the measurements start at £ = 20m and therefore include the
displacements of the diaphragm wall as well.

e The first 15 m behind the diaphragm wall is most likely effected by the exca-
vation of the fill and the PLAXIS-model adaptation of the temporary sheet
pile wall.

o Initially heave within the excavated fill layer and the cross over to settlements
occur at the same place for both material models.

o ADP shows significant more heave and settlement than HSs.

Material model | HSs  (uy) | ADP  (u,)
Maximum settlement | 5 mm (< 70 m) | 19 mm  (peak at 60 m)

% Settlement of the surface

)
>

20
8 N HSs
T

0\

\ — —ADP

0
o AN
Q -10 \ ~
€ ~ [ R S
212 ==
e
T
2 -30

20 30 40 50 60 70 80 90 100
Distance behind the wall [m]

Figure 4.6: HSs/ADP comparison. Settlements u, behind the diaphragm wall.

[*10 3 m]
. 181-':'0
I‘ 1 14,00

10,00

&,00
2,00
. -2,00
6,00

Figure 4.7: Settlements shown in PLAXIS of the HSs-model.
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Summary of HSs/ADP base-model comparison

In almost all of the cases the ADP-model showed higher difference from the reference
value than in the HSs-model, especially in heave at the excavation bottom.

The distribution of the axial load between the truss and strut is effected by the
modelling mistake of the equivalent length of the strut. However, this mistake was
present in all models which still make the analysis valid as the same error applies in
all cases.

The truss is a good approximation to transfer the horizontal forces from the di-
aphragm wall. However the concentration effect at the truss joint between DW/CW
is not realistic and need to be improved.
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4.4 Parameter study and Sensitivity analysis

In order to get a comprehensive overview of all the output data of the parameter
study, a matrix of the sensitivity analysis is presented in Figure 4.8. In general the
differences shown from the parameter study are quite small, but the changes still
indicate how the single parameter affects the output. The short for Min and Max,
in Figure 4.8, indicate if the parameter have a reduced or increased value compared
to the reference value. In order to get a better understanding of the influence of
the parameter a percentage of the alternation is also presented, calculated as the
difference of Min/Max compared to Ref divided by Ref. More details about the
alternations of the parameters can be found in Appendix D "Full input and output
data'.

The colour grading of insignificant, minor and notable differences are a assessment
of the parameters impact in relation to the reference and the other alternations. The
complete sensitivity analysis is presented in Appendix E. From the notable differ-
ences displaced in Figure 4.8, a number of six calculated combinations of parameters
and material models have been chosen for further investigations:

o 6: Interface between diaphragm wall and cross-wall Ry, (ADP).
« 7: Interface stiffness between diaphragm wall and cross-wall, E’ (HSs).
« 8: Interface stiffness between diaphragm wall and cross-wall, £’ (ADP).

o 12: New reference: FEso- MIN/MAX, E,. =6 - Ex.
(See 4.4.1 for further explanation)

e 13: G./s2 Ratio un-/reloading shear modulus over undrained active shear
strength.

e 16: y? $9 Shear strain at failure in direct simple shear.

4.4.1 Parameters adaption for the HSs stiffness parameters

As mentioned in the Literature Review about the HSs material model, the stiffness
parameters Ere! E') and ET¢/ are dependent on each other and can not be altered
separately. Therefore, the stiffness parameters in all clay layers of calculations num-
ber 9 to 12 had to be altered in stiffness sets with relation to each other. New start
values had to be set as "New reference’, where E7¢ = 2 Eggf and E,.4 set to fulfill
the K0,.-value. In order to observe the impact of the stiffness parameters, the E"¢/
in the new reference value were increased by multiplying with 2, 4 and 6. The new
references set where then multiplied with a Min and Max value as done with other
parameters. See Appendix D "Full HSs input data" where the reference value is

marked green and then multiplied by 0,8 and 1,2.
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Sensitivity Analysis

Insignificant difference

Minor difference ‘g‘;" w ¥ E o g
. £ £ o ~ 5 )
Notable difference - 5|3 E|] 5 |s2| 3 =
s<|&¢e| 5 |5¢| 8 s
0% | o E & S s T «\
Model | Material |[Parameter Min | Ref | Max [Min% Max%éE g § ‘;‘ § g § é § g § é
1| Hss | PW/sell R_inter 04|06 08| 33| 33
Interface -
2| app [PWAO L pinter | 04|06 | 08 | 33| 33
Interface
3| Hss | PW/sel £ 4000| 7000 | 10000 | -43 | 43
Interface
4| app | DW/sel £ 4000 7000 | 10000 | -43 | 43
Interface
5| Hss [PW/W I pinter | 07|08 09 |-125] 125
Interface
6| ap [PW/W I pinter |07|08| 09 |-125] 125
Interface
7 | Hss | PW/EW E 4000|7000 | 10000 | -43 | 43
Interface
8 | app | PW/W E 4000|7000 | 10000 | -43 | 43
Interface

9% | HSs | Clay 1-7 |New reference

10*| HSs | Clay 1-7 [New reference: ES0*MIN/MAX, Eur=2*E50

11*| HSs | Clay 1-7 [New reference: ES0*MIN/MAX, Eur=4*E50

12*| HSs [ Clay1-7 [New reference: E50*MIN/MAX, Eur=6*E50

13 | ADP | Clay1-7 | G_ur/s_u®A | 200 | 400 | 600 -50 50 l

14 | ADP | Clay1-7 y_fAC 1] 2 3 | -50 | s0

15 | ADP | Clay1-7 y_frE 4 | 6 8 | -50 | 50

16 | ADP | Clay 1-7 y_fADSS 2 4 6 -50 50 -

17 | ADP | Clay1-7 | s_u”P/s_u”A [ 0,8 | X 11 -20 10

18 | ADP | Clay 1-7 |s_u”DSS/s_u”A[ 0,9 | X 1,2 -10 20

Figure 4.8: Matrix of the Sensitivity Analysis.

* See previous explanation in subsection 4.4.1 and Appendix D for specific values.

4.4.2 Further investigations of parameters

Following sections present the outputs from the highlighted calculations shown in
Figure 4.8.
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6: Interface between diaphragm wall and cross-wall R,
(ADP)

Table 4.1 show the parameter alternations and Figure 4.9 display the selected results.
The following observations are made:

A small alternation of max/min 12 %) in the reference value R;,;., have a rel-
atively high influence to the deformation and bending moment in comparison
to the other observed relations between Max/min and Ref values.

o The effect of altering R;,e, increase with depth in the horizontal deformations
u,, even though it is very small.

o Lowering the interface increase the bending moment and vice versa with a
maximum difference of +/- 70 [kNm/m].

Table 4.1: Parameter settings for calculation number 6.

Model | Material | Parameter | Min | Ref | Max | Min % | Max %

ADP | DW/CW | Rinter 0,7 |08 09 | -12 12
) ) Strut
Deformation, u, Bending moment, M
0 7 -966
-1020
-1078
-2
0 -2500 -5000
_  Max [kN]
E‘ M Reference
C
Q2 6 Min
®
>
[}
w L~ Truss
-8 7)
/e
Reference /2 -4790
| -4769
10 Min -4750
- = = Max \\]
) [kN]
-12 0 -2500 -5000
-6 -4 -2 0 2 4 6 -600 -400 -200 0 200 400
Horizontal wall defomration [mm)] Bending moment [kNm/m]

Figure 4.9: Output parameters for calculation number 6. Presenting
deformation, bending moment and axial forces.
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7: Interface stiffness between diaphragm wall and cross-wall,

E’ (HSs)

Table 4.2 show the parameter alternations and Figure 4.10 display the selected
results. The following observations are made:

e Deviation from the reference value in horizontal deformations u, increase with

depth.

o Maximum difference in horizontal deformations u, while decreasing £’ — 0,4

111.

o Maximum difference in horizontal deformations u, while increasing £’ — 0,2

1m1m.

e Deviation from the reference value in bending moment M increase until it
reach the excavation bottom.

o Maximum difference in bending moment M while decreasing £’ — 29 kNm/m.

o Maximum difference in bending moment M while increasing £’ — 21 kNm/m.

Table 4.2: Parameter settings for calculation number 7.

Model | Material | Parameter | Min | Ref | Max | Min % | Max %
HSs | DW/CW £’ 4000 | 7000 | 10000 -43 43
Deformation, u, Bending moment, M ™"
0 T - -1128
-1176
-2 -1242
0 -2500 -5000

Elevation [m]

-10

-12
-6

-4 -2 0 2
Horizontal wall defomration [mm]

Reference

Min

= = =Max

7
-t

4 -800 -600 -400 -200 0

Bending moment [kNm/m]

H Max

[kN]

M Reference

0 -2500
200

Figure 4.10: Output parameters for calculation number 7. Presenting
deformation, bending moment and axial forces.

74



4. Results

8: Interface stiffness between diaphragm wall and cross-wall,
E’ (ADP)

Table 4.3 show the parameter alternations and Figure 4.11 display the selected
results. The following observations are made:

e Very similar to calculation number 7, even though the material model is
changed.

e Deviation from the reference value in horizontal deformations u, increase with
depth.

Table 4.3: Parameter settings for calculation number 8.

Model | Material | Parameter | Min | Ref | Max | Min % | Max %
ADP DW/CW E’ 4000 | 7000 | 10000 -43 43

Deformation, u,

-954
-1020
2 -1118
0 -2500 -5000
4 [kN]
E B Max
— M Reference
c N
,g -6 = Min
© 1.
¢
o Truss
-8 e
] -4805
4 -4769
- -4709
o -fr Min
] = = =Max )
12 0 -2500 -5000
-7 -5 -3 -1 1 3 5 -800 -600 -400 -200 0 200 400 [l
Horizontal wall defomration [mm] Bending moment [kNm/m]

Figure 4.11: Output parameters for calculation number 8. Presenting
deformation, bending moment and axial forces.

75



4. Results

12: New reference: FE5) - MIN/MAX, E, = 6- Ex

Table 4.4 show the parameter alternations and Figure 4.12 display the selected
results. The following observations are made:

o Notice that this calculation use a new reference parameters in the base-model
due to limitations in altering the stiffness parameters in the HSs, see explana-
tion in 4.4.1 in initial part of this section.

o Intersection from heave to settlement changes.

o Relatively small impact even though being the most affect parameter of the
HSs stiffness model.

Table 4.4: Parameter settings for calculation number 12. (Calculated with new
reference values).

Model | Material | Set of parameters Min/Max KO0,,-limit | Factor
HSs | Clay 1-7 | Eif, E'YT Erel | Eiel.0,8/1,2 | EIYY - KO, | Er¢/ -6

oed ) oed

Heave at excavation bottom Settlement of the surface
- 25 8
£ g 6
2 20 g 4
g I
5 15 2
s E 10 Reference 2
g . Min é -4
= - = = Max S|l L T
P B
T 0 5 10 15 20 20 30 40 50 60 70 80 90 100
Distance from the symn[wet]ry axis towards the wall Distance behind the wall [m]
m

Figure 4.12: Output parameters for calculation number 12. Presenting heave at
excavation and settlement behind the wall.
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13: G,./s2 Ratio un-/reloading shear modulus over undrained
active shear strength

Table 4.5 show the parameter alternations and Figure 4.13 display the selected
results. The following observations are made:

e Deviation from the reference value in horizontal deformations u, decrease with

depth. Cross-wall dominant below excavation level.

o Gy /3% (200): Max difference in u, = 2,3 mm at top of the diaphragm wall

and strut.

o Gy /52 (600): Max difference in u, = 0,8 mm at top of the diaphragm wall

and strut.

o The effect on heave at excavation bottom is significant higher in reducing the

parameter compared to increasing. Heave u, compared to reference value is
+18 mm respectively -5 mm.

o The effect on settlement of the surface is notable higher in reducing the param-

eter compared to increasing. u, = +1,5 mm respectively -6 mm. Settlement
peak at x = 60 m.

Table 4.5: Parameter settings for calculation number 13.

Elevation [m]

-10

-12

Model | Material | Parameter | Min | Ref | Max | Min % | Max %
ADP | Clay 1-7 Gur/Sf 200 | 400 | 600 -50 50

Deformation, u, 100 Heave at excavation bottom

o]
o

(o))
o

excavation [mm]

Heave at the bottom of

Distance from the symmetry axis towards the wall [m]

20 Settlement of the surface
30

20
~
10\
Reference 0

Min -10 \.\ =

= = = Max -20
-30

Heave

[mm]

Settlement

20 30 40 50 60 70 80 90 100
6 -4 2 0 2 4 6 8

Horizontal wall defomration [mm] Distance behind the wall [m]

Figure 4.13: Output parameters for calculation number 13. Presenting
deformation, heave at excavation and settlement behind the wall.

7



4. Results

16: y]l?SS Shear strain at failure in direct simple shear

Table 4.6 show the parameter alternations and Figure 4.14 display the selected
results. The following observations are made:

o For heave, reducing the ratio of sP95/s4 by only -10 % have greater impact
than increasing it by 20 %.

Model | Material | Parameter | Min | Ref | Max | Min % | Max %
ADP | Clay 1-7 ,Yjpss 2 4 6 -50 50

Table 4.6: Parameter settings for calculation number 16.

Heave at excavation bottom . Settlement of the surface

Heave

Heave at the bottom of excavation

30 Reference =
" Q
Min g
- = = Max =
20 2
0 5 10 15 20 20 30 40 50 60 70 80 90 100
Distance from the symmetry axis towards the Distance behind the wall [m]
wall [m]

Figure 4.14: Output parameters for calculation number 16. Presenting heave at
excavation and settlement behind the wall.
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Summary of results for parameter study

The impact of the parameter alternations showed to be considerable smaller than
expected.

Interfaces

The results regarding the interfaces only showed relevant changes in deformations
and bending moment for the interaction between the diaphragm walls and the cross-
walls.

Calculating with different material models showed to have very little effect. The
ADP-models showed a significantly larger effect due to the fact it has a larger impact
in general, stated in the comparisons of HSs and ADP.

E’ had a larger impact than R;,;.,. since it was possible for a bigger deviation from
the reference value. Changing R;,., also effects E' but not as much.

HSs

Since it was hard to alter the stiffness parameters Ere!, E'*S and Er¢/ separately
in PLAXIS the result needed to be interpreted considering the change in the base-
model.

The increase of stiffness in this parameter study showed considerable small changes
in general, only a minor influence of heave and settlement could be noticed for the
highest alteration.

ADP

The shear strain in direct shear 7?9 had the biggest influence of the shear strain
parameters, remarkably mainly in heave and settlements and almost nothing in the
other outputs.

The parameters with greatest impact in the ADP model were the ratio between un-
/reloading shear modulus over undrained active shear strength G,,/s2. Reducing
this parameter showed a notable deformation by rotating the diaphragm wall, the
top outwards and the bottom inwards from the excavation, increasing settlements
and heave within the excavation.
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Discussion

General

Writing a master thesis is very much a living process where the purpose and focus
often changes along the way as the initial circumstances shift. The aim for this
master thesis eventually became to model the Lilla Bommen tunnel in order to do
a back calculation since it already have been built and supposedly would have a lot
of measurement data from the construction phase. However, it showed to be quite
hard and time consuming to find relevant data to validate the modelled section and
therefore the thesis once again had to shift into comparing the material models with
a sensitivity analysis and validate them the best way possible.

Diaphragm and cross-walls

As mentioned in the introduction, the construction method with diaphragm an cross-
walls is widely used and well tested internationally; also with similar circumstances
in soft clays. In Sweden this construction method have not been commonly used
since there have been quite few deep excavations in urban environments, and also
due to high economical costs as a consequence of high demanding regulations. Today
the regulations have adapted and this method will probably be more commonly used
in the future, given the growth of urban areas.

Soil parameters

In order to retrieve sufficient input data for the two different material models, two
other investigations of soil parameters were merged from nearby locations. This
is not considered to have any significant impact on the result since the conditions
are more or less the same within this small area. The data used to validate the
simulated soil test is only retrieved from one of these areas.

Modelling

The location for the modelled section, near Thorsten Henriksson pedestrian bridge,
was not located in the same area as in previously reports. The reason for this
was to avoid some unfavorable circumstances such as old foundations from harbour
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docks and nearby bedrocks, however this made it hard to find relevant data for back
calculation and validation.

Another important issue to address is the fact that a model is often just a set of
simplifications used to describe a complex reality in the best way possible. In this
case, modelling a 3-dimensional solution of using a cross-wall in a 2-dimensional
model, have significant effect on the result and must be considered. The connection
between the truss bars and the cross-wall seems to have a bending effect of the cross-
wall adjacent to the diaphragm wall. The friction between these two may therefore
be reduced due to less slip-surface, which probably results in a increased upward
movement of the cross-walls. The bending moment diagram also indicate less contact
between the diaphragm and the cross-wall since it acts like point loads rather than
distributed. Furthermore, proper calibration of the DW-CW is necessary in order
to account for the separation distance in the out-of-plane.

The strut may also have a bit misleading effect on the lateral deformation since a
small error was discovered in the base-model. The equivalent length was set as 1
m instead of 20 m which is the width of the modelled half of the whole section and
therefore not able to deform properly (i.e. stiffer behaviour).

The use of different material models in the clay showed no distinction in the model
for the interface simulations since these were modelled using Mohr-coulomb and did
not needed to be calculated separately.

Due to limitations in PLAXIS a few alternations had to be made for some of the
calculations to be successful. Initially the base-models had to add a small sheet
pile wall, instead of a slope, to handle an unrealistic soil collapse in the fill layer.
The stiffness parameters Erg!, E' and E'/ in the HSs-model also encountered
some limitations in the parameter study since the PLAXIS-program did not allow
them to differ within certain span (related to Ky and each other) and were adjusted

according the recommendations from the PLAXIS-program.

Sensitivity analysis

As expected the biggest differences were found between the material models since
they are fundamental different in several ways. Nevertheless, based on the excava-
tion size the deformations were very small. The alternations of the material model
parameters showed small changes in magnitude but interesting changes in trend.

The HSs-model showed smaller influence than the ADP-model in almost all cases,
except for the earth pressure on the passive side at the cross-wall. This is probably
due to the fact that the axial force from the truss is higher in ADP and therefore
have an easing effect on the earth pressure.

A combination of the lateral deformation, settlement and heave illustrated in Figure
5.1 clearly indicates a higher rotational deformation from active to passive side in
ADP compared to HSs. This is most likely due to the consideration of the small-
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strain shear modulus and higher stiffness in the passive zone in the HSs model.

/4 \~ ’_——_

Figure 5.1: The trend of the displacements in HSs (yellow) and ADP (blue)

Generally R;,;e, is very hard to estimate in reality and should be a critical parameter
to study. For the interfaces, altering the stiffness parameter E’ showed greater
influence than R;,;.,, mostly in the bending moment and the lateral deformation for
the lower part of the diaphragm wall. Changing R;.:., affects E’ as well but could
not be altered as much in the parameter study since the changes were based on a
specific ratio.

The result from the HSs parameters of Eie/ | E'F and ET¢/ were difficult to evaluate

separably in the parameter study. After the adjustment to fit PLAXIS they did not
show any significant difference, even though the reference value were increased by
600 %. The change noticed however were a small reducing effect on the heave and
settlement.

Regarding the parameters of ADP the ratio of un-/reloading shear modules over
undrained active shear strength G, /s' and the shear strain at failure in direct
simple shear yf’ss showed some interesting observations. Reducing G,,/s2 tended
to increase the lateral displacements behind the DW as well as for the settlement
and heave. This is similar with the overall displacements previously mentioned and
illustrated in figure 5.1, but instead the lateral movement takes place in the upper
part of the diaphragm wall. Reducing ,yjpss also showed more displacements, mainly
in heave but no laterally, which is interesting considering it was reduced by 10% and

increased with 20%.
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Conclusion

The use of numerical models for deep excavation in soft soils proves to be very
beneficial and useful in order to comprehend the complex challenges in modelling the
reality. However, numerical models required proper calibration and understanding
of the used soil models and boundary conditions.

The combination of diaphragm and cross-walls are internationally used with a lot
of positive experiences, especially in reducing the heave and ground settlement for
deep excavations. In the case of Lilla Bommen, the same results were observed in
the models herein and the real construction. The complexities of this solution can
be simplified and modelled in a 2D and catch the effect of both the counteracting
force by lateral cross-wall and friction between them and the heaving soil. However,
further investigations needed to look at the interface between the cross-walls and
diaphragm walls.

The ADP-model showed larger displacements than in the HSs- model. However,
both showed very small movements in relation to the excavation width and depth.
ADP is easy to implement for analyzing undrained shear strength in clay while HSs
can be more accurate in excavations since it consider the small strain behavior but
requires more thorough calibration. It was hard to perform a sensitivity analysis on
the stiffness parameters of the HSs-model since there is a limit in PLAXIS to vary
them separately. Nevertheless, the current study of these parameters did not show
any significant changes in the results.

For the HSs-model, the parameters that had the most impact in the sensitivity
analysis were Fso and F,,., specially for the settlement behind the diaphragm wall.
It is important to highlight that the HSs-model overestimate the passive stiffness
and strength of the clay with the current parameters compared to the ADP-model.

For the ADP model the ratio of un-/reloading shear modules over active shear
strength G,,./s2 and the direct shear strain 7]’? 99 showed most notable effect of the

evaluated parameters, specially for the heave at the excavation bottom.

In addition to the soil model parameters, the interface parameters between the
diaphragm wall and cross-wall showed significant effect in the results. The most
important parameter in this case was E'.
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Limitations and recommended further investiga-
tions

In relation to the limited time of a master thesis it was considered to be enough to
compare the material models and do a parameter study. The focus was to investigate
the material models behaviour in a deep excavation in soft clay case rather than
a specific location in Lilla Bommen. Furthermore the model was based on the
blueprints and soil conditions of a existing object which were successfully constructed
and therefore considered to be realistic.

The following list presents some interesting aspects and parameters recommended
for further studies:

o Interface between diaphragm and cross-wall. Using other material models
more refined than the Mohr-Coulomb model.

o Times effects (e.g. creep). This thesis was only based on the construction
phase (short-term) with the diaphragm walls as temporary elements.

o A parameter study of the small strain part of the HSs-model, Gy and ~y.7 and
the G, in the ADP-model.

o Compare the conversion of the 3D-problem to a 2D-model with a model using

PLAXIS 3D.
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Drawings of Lilla Bommen tunnel

Vag 45, Gotatunneln Lilla Bommen, L2

Sammanstallning I
Sammanstallning 11
Sammanstallning 111
Sammanstallning IV

Slitsmur, N och S viggen, matt
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